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Abstract 


As ambient temperature changes, the temperature of the food 
and water consumed by animals also changes. The heat 
required to raise the temperature of ingested food and water 
to body temperature has generally been neglected in 
discussions of heat exchange in domestic animals. 

A series of experiments were made to study the 
physiological and metabolic consequences to sheep and cattle 
of the heat required to warm ingested food. Rumen cooling 
either by an intra-ruminal cooling coil or by a ruminal 
water infusion was used in a number of experiments to 
simulate the cooling associated with the consumption of high 
moisture foods. Several levels and rates of rumen cooling 
were compared in both sheep and cattle while in a number of 
physiological conditions and exposed to a range of ambient 
temperatures. 

In general rumen cooling reduced the total body heat 
content of the animal (mean body temperature declined) ; 
reduced the rate of heat loss from the animal to the 
environment (extremity skin temperature declined); and in 
most cases increased the rate of heat production (oxygen 
consumption was elevated). When pre-cooling body 
temperatures were high, the decline in body heat content was 
greater and the increase in heat production less than when 


lower pre-cooling body temperatures existed. The increase 
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in heat production in response to rumen cooling was 
equivalent of up to 80% of the rumen cooling imposed. 

Eighty to ninety percent of the warming of the food was 
in the rumen in studies with cattle eating cold (2°C) and 
frozen (-8°C) turnips of 12% dry matter content. Also any 
increase in heat production in response to the requirement 
for heat of warming the food was temporary over the eating 
period and one to two hours after and was not manifest in an 
elevated resting metabolic rate. 

Energy retention in lambs was reduced by high levels of 
the heat of warming, particularly at low feed intake 
(maintenance and below) and the reduction was dependent on 
ambient temperature. Dry matter or energy digestibility was 
not affected by the consumption of simulated high moisture 
feeds at low temperatures. 

The heat of warming food was incorporated into a 
conventional body heat loss model by taking the heat flow 
from the body into the rumen in response to the consumption 
of cold feeds as a heat loss to the animal. The efficiency 
with which body heat could be utilised for meeting the 
requirements of the heat of warming food was 50 to 70%. 

It was concluded that the heat of warming ingested food 
and water should be incorporated into heat loss models to 
encompass practical farming situations where the heat of 
warming may be an important component in the thermal balance 


of domestic livestock. 
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Abbreviations and Terms Used 


the rate of convective heat exchange between an 
animal and the environment (W.m-2) 


total body thermal conductance (W.m-2.°C-1), 
the rate at which heat is conducted between the 
body and the environment 


digestible energy, equal to the combustible 
energy of the food eaten minus the combustible 
energy in the faeces 


effective rumen cooling, the heat flow from the 
body into the rumen in response to lowered 
rumen temperature calculated from rumen 
temperature change and rumen volume and either 
expressed as a total quantity of heat or a rate 
of heat flow 


the rate of heat exchange associated with the 
consumption of food and water at a temperature 
different from body temperature (W.m-2) 


the rate of heat loss from an animal to the the 
environment (W.m-2) 


the total heat exchange associated with 
equating the temperature of food and water 
consumed with body temperature (Ku or 
MJ.meal~1) 


intake energy, combustible energy consumed by 
an animal (KUJ.kg LW-%75 .day~1) 


the rate of conductive heat exchange of an 
animal with the environment 


liveweight of an animal (kg) 


the rate of heat gained by an animal from 
chemical energy transformations in the body 
expressed in physiological terms as W.m-2 and 
in nutritional terms as kJ.kg LW-%75.day"'. M 
is commonly called heat production of an anima | 


heat production in thermoneutrality i.e. when 
the environment has no direct influence on the 
rate of heat production 

metabolisable energy, equal to digestible 
energy minus energy losses from the body in 
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urine and combustible gasses of digestion 


the rate of radiant heat exchange of an animal 
with the environment 


retained energy, being the difference between M 
and ME 


the rate of heat storage in the body (W) 
temperature (°C) followed by an italicised 
letter or word to denote specific temperatures 
e.g. Ta = ambient temperature 

critical temperature, the ambient temperature 
below which no further decrease in body heat 
loss occurs 


watt, 1 joule.second™! 
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1. INTRODUCTION 


Improvement in the productivity of domestic livestock is 
made through good managerial decisions based on sound 
nutritional, genetic and physiological principles. 

As animals of superior genetic merit are bred and more 
well defined nutritional regimes are developed, the 
interaction of the animal with its environment must be more 
clearly understood if maximum improvement in productivity is 
to be attained. 

Considerable study in the field of environmental 
physiology has been made, particularly with regard to both 
long and short-term responses of animals to a change in 
ambient temperature. As ambient temperature changes, the 
temperature of the food and water consumed by an animal also 
changes. Little attention has been paid to the effect of 
food and water temperature on domestic livestock. 

The aim of this study was to investigate some of the 
physiological and metabolic responses of sheep and cattle to 
the consumption of food of various temperatures, to evaluate 
the importance of the temperature of the food in influencing 
animal productivity and to integrate the heat of warming 
food into present models of the thermal balance of 


livestock. 
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2. BACKGROUND REVIEW 


Domestic animals are physical systems and as such must obey 
the laws of thermodynamics. The first law, the conservation 
of energy, demands that any net change in the energy gained 
or lost by a system must be balanced by an equal change in 


the energy stored in the system. 


2.1 Energy Balance 

Two forms of energy, chemical and thermal, are of major 
importance in the living animal. 

Chemical energy, in the biological context, is the free 
energy change associated with the oxidation of organic 
compounds to carbon dioxide. Chemical energy balance of the 
body is expressed as the following function equating 
retained energy (RE) with energy gain (EG) and energy loss 


FECE: 


Chemical energy gain by an animal is through food intake, 
and chemical energy is lost from the body in faeces, urine 
and the gaseous products of digestion. 

Thermal energy (heat) balance in an animal is 


conventionally expressed as 


where S is the rate of heat storage, M is the rate of heat 
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gained by the animal as a result of chemical energy 
transformations within the body, commonly called heat 
production or metabolic heat and H is the net rate of heat 
loss from the animal to the environment. Metabolic heat (M) 
can be indirectly estimated from empirical equations 
relating the oxidation of carbohydrate, fat and protein to a 
calorific value for the gaseous exchange of the animal 
(Brouwer, 1965; McLean, 1972). This form of indirect 
calorimetry is widely used in estimating M in animals. 

The net rate of heat loss (H) can be measured using 
direct calorimetry; a procedure which is not widely used due 
to the cost and technical difficulties involved. With 
domestic livestock, more emphasis has been placed on 
measuring individual components of overall heat exchange and 
predicting these from physical characteristics of the animal 
and the environment (Blaxter et al., 1958a; Blaxter and 
Wainman, 1961; Joyce and Blaxter, 1965; Webster, 1971; 
Mount, 1977). 

Heat exchange between the animal and the environment is 
normally expressed as a function of the following rates of 
heat exchange 

HeseE st RwieCteeKrnoneses ts .e sat oR teat (3) 
where and E, R, C and K are the rates of heat exchange with 
the environment by evaporation, radiation, convection and 
conduction respectively. Heat exchange due to R, C and K 
are often termed sensible or Newtonian heat exchanges. 


The above thermal balance equation (3) has been 
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presented in many recent reviews on environmental physiology 
(Alexander, 1974; Ingram, 1974; Mitchell, 1974: Webster, 
1974). This equation neglects a further source of heat 
exchange through the food and water ingested by the animal. 
Furthermore, Bligh and Johnson (1973) in their glossary of 
preferred thermal physiological terms do not acknowledge the 
contribution of ingested food and water to thermal balance 
of animals. 

The consumption of food and water is associated with a 
gain of mass and heat to the body. If the temperature of 
the food and water is below body temperature, then the 
relative gain in heat will be less than the gain in mass and 
mean body temperature should fall. The quantity of heat 
required to raise the temperature of the mass of the 
ingested food or water to body temperature has 
conventionally been referred to as the Heat of Warming, 
either expressed as an absolute quantity of heat (HW) or as 
a rate (G) per unit time. 

The term heat of warming will be used throughout this 
study although it is somewhat of a misnomer. Except for 
special cases such as the Scotsman with his bow] of hot 
porridge, the heat of warming represents a net Cooling of 
the body when food or water is consumed at temperatures 
below body temperature. HW is normally calculated as the 
product of the difference between the temperature of the 
body (Tb) and food or water (Ti), the mass of the food or 


water ingested (Wi) and the specific heat of the food and 
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water (Shi). 

HWietibTD -eTl) xiWhex! Shi 
Where a change from solid to liquid phase is involved in the 
heat of warming, as when snow or frozen food is ingested, 
the latent heat of fusion must also be included in the 
equation. 

Although heat is also lost when an animal defaecates 
and urinates, this heat loss is associated with a loss in 
mass at body temperature and is not considered as a net loss 
of heat to the animal (Blaxter et al., 1958b) although it is 
measured as such in direct calorimetry (Watts et al., 1977). 

Evaporative (E) heat exchange is also associated with a 
change in mass of an animal, but the mass change is small 
relative to the change in heat with the change in phase of 
the water. Newtonian heat exchanges are not associated with 


concomitant changes in body mass. 


2.1.1 The Magnitude of the Heat of Warming 

The absence of HW from many published thermal balance 
equations may be because HW is considered to be of little 
consequence in the overall thermal balance of domestic 
animals or because the waste heat of digestion and energy 
utilisation is more than sufficient to cover HW (eg. 
Butcher, 1973). Blaxter (1962) calculated that HW for sheep 
and cattle fed dry rations was equivalent to 2 to 4 W.m-? or 
less than 4% of total daily heat loss. On high dry matter 


rations HW does not increase to any appreciable extent as 
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ambient temperature (Ta) decreases, at least to 0°C because 
drinking water intake tends to decline as Ta falls. 

There are however, practical farming conditions where 
calculations suggest that HW could be an important component 
in the thermal balance equation. Blaxter (1962) calculates 
that under winter conditions (Ta approximately 7°C), where 
animals are consuming high intakes of bulky high moisture 
feeds such as root crops or silage, HW could be equivalent 
to 14% of total daily heat loss. A similar calculation by 
Barry et al. (1971) for young sheep with a Known voluntary 
intake of high moisture content crops, indicated that HW was 
equal to 6 to 15% of daily digestible energy intake. 

When animals consume snow or ice either involuntarily 
during grazing, or as the only source of water, HW may be 
large due to the latent heat of fusion. Young et al. (1979) 
have calculated that where beef cows have snow as the only 
source of water, HW would theoretically be equal to 15 to 
20% of digestible energy intake. 

Unlike sensible and evaporative heat exchanges which 
are continuous, eating and drinking occur sporadically 
during the day. For example, if a 400 kg steer consumed 15 
kg of turnips at a temperature of 2°C in one hour, -HW would 
be 1.96 MJ or 110 W.m-2 which would be the equivalent of 
approximately 70% of the heat production of a well-fed steer 
over the hour of eating. Although HW is small when 
expressed as a % of daily H, its real impact on therma | 


balance may be greater over the shorter term. 


. ot dc. oe one ein on 
fes*toe ww |" 7 ea “ae evar? 
biyas Wi 1d] izegpia soot Yefuslsa 
& noetigurs sons! sa tamed end. nr 


- ' “wis. . | ar ! e re. bow fertz 


7 AJ irr 4 we ary 2fanins - 


Sata OD pe . ty 5, oa% 2s fade Shee? 


ye or 


{ ‘ wr riy ‘ 
) i 
— ’ - 7. . a 
He Iiasrios ' . 2 
nen 
> 5 
— &} e | e! m 5 
4 2 P 4 J = Ae ing | Tt 7 
oe: s 
( > ha i. ae ~ «flse" 
a ae) j Si" Reon | 
Us - 
25 ‘< wi Aw 20] Sa Ww are OS878% 
: ‘ 
4 Witesitercers Gloom Jseten 4 
Pie Gee f _ Ji Grisso 


\ 

ssn ont#aito hoc gertee aiemniieo eam 

. ) . a 

i & iw 4 tape Uhh ey FP, ,2t gma fs >" Va act] orihs: 
nae | * 

ca at S°2 oo erates yuo! & rs vr 16 g 

2. 


" =| ne eft’ 8 bi um ota *om or +0 bM * ne ‘ 


— 
be 


: 
7 
Oa 


_ 


Tete O4!? “\' ow © Te nepspuborv tos aot at vs other Ket 


ae) : cece 
seas Ti me 8 wht episod 1 A al 9 to ‘ols i‘, ve a 


~. _ i _ 
=e. pee ine 
ar —e_ 

ae 


to hw 
pis 


5 nit efi, : = 


a 


Newtonian and evaporative heat exchanges are functions 
of the environment and the insulation and metabolic rate (M) 
of the animal. The animal thus has some control over the 
rate of heat exchange through changes in posture, thermal 
insulation, peripheral blood flow, rate of sweating and 
panting, shelter seeking behaviour, etc. On the other hand 
HW is a function of the environment and the food and water 
consumed so that the animal has less control over HW other 


than by changes in quantity or pattern of food and water 


intake. 


2.1.2 Heat Storage 

No continuous increase or decrease in TD is compatable 
with sustained homeostasis. Thus long term change in heat 
storage can only be associated with a change in body mass. 
However homeotherms do exhibit short term (minutes to days) 
fluctuations in mean body temperature (TD) which indicate 
variation in S when mass and specific heat remain constant. 
As Bligh (1973) has emphasised, the difference between 
homeotherms and poikilotherms is more a matter of degree 
than fundamental principle. Change in the rate of heat 
storage is likely to play a role in thermal balance in the 
short term. Change in S$ and total body heat content (HC) 
can be estimated in a number of ways. Heat storage can be 
measured as the difference between M measured by indirect 
calorimetry and H, either measured by direct calorimetry or 


taken as the summation of E, R, C and K heat exchanges 
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measured or predicted. 

In an exercising man S can reach 100 W over the first 
few minutes of exercise (Chappuis et al., 1976) or be 
maintained at -20 to -40 W for a continuous period of 2 h 
under mild cold exposure. As a result of such changes in S, 
total body heat content (HC) in man can rise 100 ku with 
exercise (Chappuis et al., 1976), 550 kU with heat exposure 
(Horstman and Horvath, 1972) or decline by 750 ku with mild 
cold exposure without the onset of shivering (Hardy and 
Stolwijk, 1966). Watts et al. (1977) have shown normal 
daily fluctuations in the HC of calves of 600 KJ, from a low 
of -200 KJ below mean daily HC prior to feeding in the 
morning to +400 kJ after afternoon feeding. S was estimated 
to be 10 to 12 W for the first 4 h post-feeding. 

An alternative approach to estimating changes in body 
heat storage is to calculate body heat content repeatedly 
over time. Body heat content (HC) is the product of the 
heat capacity of the body (mass x specific heat) and the 
mean temperature of the body tissues (see Minard, 1970). 
From changes in mean body temperature (TD), Blaxter et 
al. (1958a) calculated a change in HC of 1.3 MU in sheep 
over a range of ambient temperatures from 10 to 50°C. 
Standing has been shown to reduce HC of sheep by 33 kd 
(Brockway, 1965). 

Mitchell (1977) reiterated the concern of many authors 
about the accuracy of asssessing TD from weighted 


combinations of various body and skin temperatures. This 
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concern is particularly relevant in short-term, non-steady 
states where thermal gradients within the body have been 
disrupted. Although of limited accuracy, thermometry 
continues to be used to estimate relative changes in S with 
time. Changes in TO have been shown to occur in domestic 
livestock and man with heat and cold stress (see review by 
Thompson, 1973), with shearing (Bailey, 1964: Webster, 
1966), with eating (Ingram and Whittow, 1962 ) and with the 
consumption of cool milk (Holmes, 1971b) or ice-cream (Nadel 


et aithei970)- 


2.2 Physiological and metabolic consequences to domestic 
livestock of the Heat of Warming 

The scientific literature contains many reports on the 
physiological effects of varying the temperature of drinking 
water or liquid diets. Although in many of these reports 
the heat of warming per se was a side issue in the 
experiment, these experiments do form a useful data base. 

The following parameters have been shown to be 


influenced by HW in domestic livestock. 


2.2.1 Rumen temperature 

When water is consumed or poured into the rumen at 
temperatures below body temperature, rumen temperature 
declines (Bailey, 1964; Bhattacharya and Warner, 1968; 
Butcher, 1973; Cunningham et al., 1964; Dale et al., 1954; 
Dillon and Nicholls, 1955; Nangeroni, 1954; Noffsinger et 
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al., 1961; Webster and Johnson, 1968). The extent of the 
drop in rumen temperature (Tru) is influenced by the 
quantity and temperature of the water and can be as great as 
15°C. The recovery in Tru is quite rapid with about 50% of 
the recovery occurring in 15 to 30 minutes (Watts et al., 
1977). Nangeroni (1954) reported that sheep eating cool (no 
temperature stated) fresh alfalfa showed a drop in rumen 
temperature which more than negated the rise of 0.8 to 1.3°C 
which occurred after eating dry rations. 

Thermal receptors are present in the rumen wall (Rawson 
and Quick, 1972). Thus responses to rumen cooling could be 
via such receptors and need not depend on stimulation of 
deep body thermal receptors. Cold food and water ingested 
through the mouth presumably reduce the temperature of 
tissues of the mouth. Thermal receptors have been 
identified in the mouth of the cat (Bligh, 1973) but no 
attempt seems to have been made to measure changes in mouth 
temperature of ruminants during the ingestion of cold food 


or water. 


2.2.2 Skin Temperature 

A large decline (12°C) in ear skin temperature (Tear) 
due to peripheral vaso-constriction occurred in sheep given 
500 ml of iced water intra-ruminally (Webster and Johnson, 
1968). The skin temperature of calves and pigs fed cold 
milk or whey fell significantly when Ta was warm .25 °C) 2but 


not at cool (15°C) ambient temperatures (Holmes, 1970; 
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1971b). At a low Ta (-12°C), the subcutaneous tissue 
temperature of sheep tended to be higher when the 
temperature of the drinking water was reduced (Bailey, 
1964). 

The decline in skin temperature with ruminal cooling 
seems to be dependent on Ta. In a behaviour study with 
operantly conditioned sheep, Baldwin (1975) was able to show 
that as ambient temperature declined, ruminally cooled sheep 
used an infra-red heater for a longer period of time. The 
sensation of internal cooling was not reduced at the lower 
ambient temperatures. At lower Ta, peripheral 
vaso-constriction caused by the Ta per se, reduced the 
potential for a further drop in skin temperature with 
ruminal cooling. Since peripheral vaso-constriction is 
caused by sympathetic nerves and the neurotransmitter at the 
post-ganglionic neuron to smooth muscle junction is 
norepinephrine (NE) (see Thompson, 1977 review) an elevation 
in circulatory NE level might be expected in response to 
rumen cooling. I1Iner et al. (1977) have shown a doubling 
of serum NE levels in goats subjected to ruminal cooling and 


high levels were maintained for 1 to 2 h after cooling. 


2.2.3 Respiratory Frequency 

Respiratory frequency has been observed to fall by 50% 
with gastro-intestinal cooling in pigs (Holmes, 1970) and 
sheep (Webster and Johnson, 1968; Rawson and Quick, 1972) 


and to remain depressed for 70 to 150 min post-cooling. 
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Reduced evaporative heat exchange is a documented response 
to ambient cooling and contributes to the reduction in heat 


loss within the thermoneutral zone. 


2.2.4 Deep Body Temperature 

The rectal temperature (40.2°C) of heat stressed cattle 
can be reduced by rumen cooling (Bianca, 1964). Rectal 
temperature has been shown to fall by up to 1.9°C in pigs 
and 1.1°C in calves consuming cold liquid food (Holmes, 
1970,1971a). A decline in rectal temperature (Tr) with 
rumen cooling has also been demonstrated in sheep 
(Noffsinger et al., 1961; Rawson and Quick, 1972) and in 
goats (I]lIner et al., 1977). However Bailey (1964) and 
Webster and Johnson (1968) did not find a decline in Tr as 
rumen temperature dropped. 

Rectal temperature is only one of a number of deep body 
temperatures which can be measured. Rawson and Quick (1972) 
measured small decreases in hypothalamic temperature with 
rumen cooling but a larger drop in the temperature of the 
vena cava of up to 1°C. Vagina temperature declined to a 
Similar extent. The decline in carotid artery temperature 
can be greater (by 0.2-0.8°C) than the fall in rectal 
temperature with stomach cooling (Holmes, 1970). The latter 
illustrates the relative thermal inertia of rectal 
temperature. 

A decline in deep body temperatures can occur with 


stomach cooling but a decline is not inevitable. A decline 
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in rectal temperature seems to depend on the extent of the 


cooling. 


2.2.5 Shivering 

Shivering has been recorded in calves drinking cool 
milk (Holmes, 1971b), in pigs consuming cool whey (Holmes, 
1970) and in sheep and goats with artificially cooled rumens 
(Rawson and Quick, 1972; Illner et al., 1977). Shivering 
occurred on fewer occasions in pigs and young calves fed 
cool whey and milk when Ta was higher (Holmes, 1970, 1971a). 
In other cases, shivering was not observed with stomach 
cooling (Bailey, 1964; Webster and Johnson, 1968). When men 
rapidly consumed 500 g ice-cream at a Ta of 10°C they 
shivered, but at 44°C the response to ice-cream consumption 
was restricted to reduced peripheral heat loss (Nadel et 
al., 1970). The decision as to whether an animal is 
shivering or not is usually subjective. As Webster (1974) 
has emphasised, the absence of overt shivering does not 
necessarily mean that striated muscles are not responding to 
the stress of cold by increases in muscle tone or minor 


tremor. 


2.2.6 Metabolic Rate 

Metabolic rate (M) increased 80% in sheep undergoing an 
unspecified amount of rumen cooling (Rawson and Quick, 
1972). The increase in M was not dramatic until core 


temperature had declined by 0.75°C. The oxygen consumption 
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of calves effectively cooled by 250 kU by consuming cool 
milk (23°C) was elevated during milk consumption by a 
maximum of 30% above that of caives drinking warm mi ik 
(39°C). The cumulative increase in M accounted for 79% of 
the calculated HW (Holmes, 1971a). These increases in M 
were associated with shivering. Luick (1976) states that 
"the energy cost of warming snow (and frozen vegetation) 
increases the resting metabolic rate of reindeer by 
approximately 35%". 

Acute exposure to high levels of HW can cause a 
temporary rise in M, but no long-term studies have been made 
to determine if a rise in resting metabolic rate would 
result from repeated cooling by HW. Sheep and cattle 
exposed to low ambient temperatures for extended periods of 
time have shown an elevation in metabolic rate (Webster et 


al., 1969; Young, 1975). 


2.2.7 Feed Intake 

Supplying drinking water at 18 to 20°C in a hot (>35°C) 
environment increased food intake of cattle (Ittner et al., 
1951; Lofgreen et al, 1975). Since food intake is depressed 
by high Ta (see Thompson, 1973), the cooling effect of the 
water maintained at the lower temperature apparently 
restored the higher food intake. Lofgreen et al. (1975) 
using the equations of the Californian Net Energy system 
calculated that the HW of the cool water was almost exactly 


equal to the increment in M predicted from the measured 
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increase in food intake. 

At thermoneutral Ta, dairy heifers regularly cooled 
with ruminal infusions of cold water for 7 h, increased 
their intake of a dry food (Bhattacharya and Warner, 1968). 
Prolonged low ambient temperatures increase voluntary food 
intake (Thompson, 1973). On the other hand, calves fed cold 
milk while grazing showed a decline in milk intake compared 
with calves fed warm milk (Tayler and Lonsdale, 1969). 

Water intake declines with ambient cooling (see Bianca, 
1965). With high moisture feeds, where the feed supplies 
more than sufficient water for normal body function, a 
paradox exists between a potential rise in food intake but a 


decline in water intake as Ta falls. 


2.2.8 Digestibility and Rumen Fermentation 

Although energy and nitrogen digestibility have been 
shown to decrease as Ta falls (Christopherson, 1976), there 
is little evidence that a decline in food digestibility 
occurs with increasing HW (Cunningham et al., 1964; Sims and 
Butcher, 1973; Brod, 1979). When rumen temperature was 
raised artificially to 43°C an increase in volatile fatty 
acid (VFA) concentration occurred, but with a further 
increase to 51°C VFA concentration fell by 50% (Gengler et 
al., 1970). Brod (1979) measured lower concentration of 
VFAs in the rumen fluid of sheep loaded intra-ruminally with 
2 litres of cold water after eating. Temperature is one of 


the most important variables affecting the growth of 
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micro-organisms (Clarke, 1977), but reduced VFA 
concentrations may not necessarily be indicative of reduced 
total fermentation since a slower rate of fermentation may 
be maintained for a longer time. Even if ruminal 
fermentation was depressed with continued ingestion of cold 
feed, compensatory digestion in the post-ruminal digestive 
tract, as has been shown to occur with prolonged low ambient 
temperatures (Kennedy et al., 1976), might result in no 


important change in overall digestibility. 


2.2.9 Liveweight Gain and Feed Conversion Efficiency 

At high ambient temperatures, a supply of cool water 
increased the liveweight gain and food conversion efficiency 
(FCE) of cattle (Ittner et al., 1958; Lofgreen et al., 
1975). When sheep consumed snow as their only source of 
water their liveweight gain was no lower than sheep with 
drinking water (Butcher, 1973) but calves drinking cold milk 
grew 12% more slowly partly due to a reduction in milk 
intake (Tayler and Lonsdale, 1969). Pigs fed cool (15°C) 
whey gained weight more slowly (5 to 11%) and FCE was 
significantly poorer than in pigs fed whey at 40°C. The dry 
matter of the whey was 6%. But when a gruel of meal and 
water (2.5:1) was fed at three temperatures (5, 13, or 35°C) 
to pigs, no difference in the rate of gain was observed. 
(Forbes and Walker, 1969) 

On the basis of a review of field experiments in New 


Zealand on the growth rate of young sheep and cattle grazing 
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high moisture crops during winter, Nicol and Barry (1980) 
speculated on a possible reduction in liveweight gain as a 
result of the high HW of these rations. By comparing actual 
liveweight gain with gains predicted from known feed intakes 
and the ARC (1965) feeding standards, the authors estimated 
that on average, 70% of the difference between actual and 
predicted gain could be accounted for by the theoretical 


calculation of the HW. 


2.3 Overview and Objectives of the Study 

There have been few research studies designed 
specifically to investigate the physiological and metabolic 
consequences to animals of ingesting cold feeds and water. 
This is no doubt a reflection of theoretical calculations 
which indicate that under most situations the heat required 
to warm ingested food and water to body temperature is smal] 
in relation to the total heat loss of the animal. However, 
there are situations where HW can be large and may have 
important practical consequences. For example, it has been 
estimated that high moisture feeds (<15% dry matter) grazed 
over the winter in New Zealand provide 10° sheep grazing 
days (Nicol and Barry, 1980). Thus even a small reduction 
in productivity per animal due to high HW could have a large 
total cost to the industry. Furthermore many beef cows and 
much of the wild-life in the colder areas of North America 
may have access only to snow as a source of water for many 


months. 
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Only the work of Holmes (1970, 1971a,b) has been 
designed specifically to study the practical production 
effects of heat of warming (HW) and tnese experiments were 
on pigs and calves which are, in thermal terms, unstable 
animals compared to sheep and older cattle. Much of the 
work reviewed in the previous section has not had the 
effects of HW as the prime objective of the study, but in 
many respects the physiological and metabolic responses of 
animals to HW seem to be similar in type, if not 
quantitatively, to those induced by a change in ambient 
temperature. However, there has been little work on the 
inter-relationships of the physiological and metabolic 
responses to HW with the absolute quantity (HW) and rate (G) 
of the heat of warming. 

There is some evidence that the effects of HW are 
dependent on enviromental temperature but no indication as 
to whether the time of cooling, relative to eating is 
important. Furthermore, the effect of cooling per se, 
independent of the associated mass or water load has not 
been established. The physiological state of the animal in 
terms of feed intake or natural insulation may be expected 
to affect the response to HW. 

Temporary changes in the rate of heat storage (S) may 
be involved in regulating the effects of HW, but there is no 
evidence to what extent S may change with various levels of 
HW. 


There is evidence that the liveweight gain of animals 
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can be depressed when HW is high but that the depression is 
not as great as theoretical calculations would suggest. The 
reasons for this discrepancy are speculative. 

It is not currently possible to make many definitive 
statements on the importance of HW in practical animal 


husbandry situations. 


The objectives of this study were threefold- 
it To examine inter-relationships which may exist between 
the heat of warming food (HW) and the physiological 
and metabolic responses of sheep and cattle to HW. 
fap To measure the influence of varying levels of HW on 
energy retention and changes in M and H. 
a8 To consolidate the results of the above into a model 
to assist in predicting the likely importance of HW in 


practical farming situations. 
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3. GENERAL METHODS 


Many of the facilities, equipment and techniques used in the 
study were common to all experiments. Where variation from 
these common methods arise, further description is given 
under the individual experiment. Eleven experiments were 
conducted but they have been grouped together for 


presentation on the basis of their objectives and design. 


3.1 Location 

The complete study was made in the Metabolic Unit of 
the University of Alberta Farm from May 1978 to December 
1979. Except where specified the experiments were all made 
in the same continuously lighted room maintained at an air 
temperature of 10+2°C. Air movement at animal height in the 


room was approximately 0.2 m.sec™'. 


3.2 Animals and Feeds 

All animals were selected from those bred on the Farm 
or the University Ranch. During experiments animals were 
kept in metabolism crates. The sheep crates had an expanded 
metal plate floor (1.8x0.4 m) raised 0.75 m from the ground. 
The sides and back of the crate were moulded fibreglass 
panels. Feed and water containers were positioned at the 


front of the crate. To prevent the sheep from chewing 
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equipment attached to them they were tethered by a collar 
and 0.5 m of light chain to the floor of the crate. Cattle 
crates had a floor area of 3x1 m which was raised 0.3 m from 
the floor. Cattle were held in neck yolks and fed in wooden 
boxes at the front of the crate. Four feeds were used 


during the experiments (Table 3.1). 
Table 3.1 Description of feeds used in the experiments 


Feed Description Dry Crude Exper iment 
matter (%) protein (4%) 


Ration A Concentrate 86.0 16.8 DST RAD DFL¥ 
Ville! 
Turnips hur prbiths C1225 413 20 8.9 VeVi Devs 4 
X 
Long hay Brome grass 88.5 7.4 IV 
mixture 
Chopped Brome grass 86.4 8.8 Vv iron 
hay 


The concentrate ration (Ration A) was 50% barley, 50% 
alfalfa meal with appropriate mineral and vitamin 


supplementation and was pelleted through a 4 mm die. 


3.3 Respiratory Gaseous Exchange 

Oxygen consumption, carbon dioxide and methane 
production were measured using a ventilated hood and the 
open-circuit indirect calorimetry system described by Young 
et al. (1975). Two calorimeters were used, System A and 


System B. 
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With system A baseline (atmospheric air) and standard 
gas calibrations (17 to 18% oxygen, 2% carbon dioxide and 
0.3% methane) were made at the beginning and end of each 
trial, or at 8 h intervals during 24 h measurements. 

In system B, with which only oxygen consumption was 
measured, a two channel paramagnetic oxygen analyser (Taylor 
Servomex Model 0A184 and ratio box 228) substituted for the 
Beckman Model F3M analyser used in system A. System B was 
calibrated with atmospheric air and nitrogen gas on the full 
scale setting (25 cm chart width) of 25% oxygen on the ratio 
box. Measurements were made with a full scale setting of 1 
or 2.5% oxygen in the differential mode which monitored the 
difference in oxygen content of the air entering and leaving 
the ventilated hood. 

Respiratory gaseous exchange was calculated over 10 to 
30 minute periods from the strip-chart recording of the 
continuous change in % oxygen, carbon dioxide and methane 
content of air drawn from the hood. Where oxygen, carbon 
dioxide and methane were measured, metabolic heat production 
(M) was calculated using the equation recommended by Brouwer 
(1965) 

Wea tee ot 5, 02C02 - 2.17CH4 - 95. 99N. 20k ea 
where M is heat production (kJ) and O02 represents the volume 
(litres, STP dry) of oxygen consumed, CO2 is the volume of 
carbon dioxide produced, CH4 the volume of methane produced 
and N the nitrogen (g) excreted in the urine over the 


balance period. When only oxygen consumption was measured, 
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the simplified equation of McLean (1972) was used to 
calculate heat production, where M (ku) = 20.44 x the volume 
(litres, STP dry) of oxygen consumed. 

The ventilated hoods were of sealed 12 mm plywood. The 
removable front which contained an area of plexiglass sealed 
with caulking compound was held, sealed with weather 
stripping to the hood with spring clips. A plastic webbing 
material drawn snugly round the neck of the animal enclosed 
the head of the animal in the hood. The volume of the 
cattle hood was 900 litres and the sheep hood 200 litres. 
Flow rates (STP, dry) through the hoods were 30 to 60 
litres.min-' for sheep and 290 to 300 litres.min-' for 


cattle. 


3.4 Body Temperature Measurements 

Body temperatures were measured with copper-constantan 
thermocouples connected to a 24 channel millivolt recorder 
(Honeywell Controls Ltd., Model Electronic 15) with a full 
scale of +50 to -50°C and an internal reference 
milli-voltage. When fewer than 24 thermocouples were in use 
two to three channels were wired in series to record the 
output from one thermocouple. The recorder printed one 
channel per 15 sec. 

All thermocouple junctions were soldered and two types 
of thermocouple wire were used. Type A, 36 swg zip cord and 
Type B, 28 swg PVC sheathed, (both from Thermo-electric 


Ltd., Brantford, Ontario). The following temperatures were 
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measured. 


3.4.1 Rectal Temperature 
To measure rectal temperature (Tr) a type B 
thermocouple was taped to the end of a 10 cm rectal probe 


and held in place by tying to the fleece (sheep) or to the 


sides of the crate (cattle) with flexible ties. 


3.4.2 Skin temperatures 

Ear skin temperature (Tear) was measured on the clipped 
surface of the distal one third of the external surface of 
the ear. The thermocouple (type A for sheep and B for 
cattle) was held to the skin by contact glue and a crossed 
strip of adhesive tape (25 mm wide). The leg skin 
thermocouple (type B) was secured to the clipped surface of 
the lower hind limb by a single thickness of 50 mm wide 
medical adhesive tape. Trunk skin temperature (Tt) was 
measured mid-side for sheep and on the shoulder on cattle. 
For sheep, type A wire was enclosed in polyethylene catheter 
tubing (Intamedic PE190, I.D. 1.19 mm, Clay Adams Ltd.). 
The end of the catheter was heated, flattened and anchored 
to the skin by a suture at the end and approximately 25 mm 
from the end. With cattle a type A thermocouple was held in 


place on the skin by twist ties in the hair. 


3.4.3 Rumen Temperature 


Type B thermocouples were inserted through the rumen 
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cannula and either weighted (bottom) or suspended in the 


rumen contents (core) to measure rumen temperature (Tru) 


All body and rumen temperatures were monitored 
continuously during a trial and the mean value (to the 
nearest 0.1°C) over 10 to 30 min periods transcribed from 


the strip chart. 


3.4.4 Mean Skin and Body Temperature 
Mean skin (TSK) and mean body temperature (Tb) were 

computed from the body temperatures recorded as follows 
Poteae ceex. vl lear: + T1eq) +2) +028. x The. 3 65) 

The weighting of extremity (Tear, Tleg) and trunk 

temperature was that suggested by Webster and Johnson 

(1968). The equation of Burton and Bassett (1936) was used 

to estimate mean body temperature 


ee Sea Shee OOP OX Then oe eee ee. (6) 


3.5 Rumen Cooling Coil 

Rumen cooling coils were constructed for both sheep and 
cattle. Lengths of thin walled PVC laboratory grade tubing 
of the dimensions shown in Table 3.2 were connected in 
parallel to a copper tubing manifold inserted through a plug 
of appropriate size to comfortably replace the normal rumen 
cannula plug. 

The temperature and flow of water through the coil were 


regulated by a 12 mm gate valve and a mixing valve (Bradley 
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Table 3.2 Dimensions of rumen cooling coils for sheep 
and cattle 


Number rate Internal Wal] 

of coils (m dia. (mm) thickness (mm) 
Sheep 4 aes 3:0 0.7 
Cattle 2 8.0 13.5 1:5 


Corp., Menomonee Falls, Wis., Model 5127U), supplied with 
hot and cold domestic water. Flow rate through the coil was 
measured by stopwatch and measuring cylinder 

A thermocouple (type B) was mounted in the inlet and 
outlet lines 5 cm from the entry to the rumen. The 
temperature differential between the water entering and 
leaving the coil was monitored by a digital thermocouple 
recorder (Bailey Instruments Inc., Model BAT 8) set in the 


differential mode. 


3.6 Statistical Analyses 

All data were subjected to analysis of variance using 
appropriate linear models for each particular experiment. 
Multiple comparison of means was by a Student -Newman-Keuls 
test. Where interaction means were statistically 
significant by an F-test, they were compared by the 
Cicchetti approximation (Cicchetti, 1972). Where more than 
three consecutive 10 minute observations of a temperature in 
any trial were missing (usually due to the malfunction of a 


thermocouple junction), the mean value from other replicates 
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was substituted and the error degrees of freedom 
appropriately reduced. A least squares analysis of variance 
for unequal numbers was only used (Experiments IX and X1) 
when one complete cell of data was missing. 

In general only significant results are shown in the 
text and the results of the complete statistical analysis 
are shown in the appropriate appendix. The appendix for 
each experiment also includes more detailed data. Raw data 
is stored on a computer tape (MICO), held by the Department 


of Animal Science, University of Alberta. 
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4. EXPERIMENTS I, II and III IMMEDIATE RESPONSES OF 
SHEEP TO THE HEAT OF WARMING 


The objective of these first three experiments was to obtain 
some basic data on the immediate responses of sheep to the 
heat of warming. 

The heat of warming (HW) ingested food and water is 
associated with a change in body mass in addition to a 
change in the heat status of the animal. In comparing HW 
with other forms of heat exchange between the animal and the 
environment, the relative importance of the mass and 
temperature components of HW should be understood. 

Feeding is accompanied by a rise in heat production (M) 
which is a function of the physical ingestion of food 
(prehension, mastication, saliva secretion and gut motility) 
and the heat released during the catabolism of the chemical 
energy consumed (Webster, 1972). Drinking on the other hand 
is not associated with an intake of available chemical 
energy. The possible significance of the association of HW 
with either eating or drinking is not Known. 

The effect of HW on animals is likely to be influenced 
not only by the temperature of the food and water, which 
determines the total quantity of HW, but also by the rate at 
which food and water are ingested. The significance of the 


rate of body cooling through HW is unclear. 
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The response of an animal to HW may be influenced by 
the total heat content of the body. Body heat content is to 
some extent dependent on the physiological state (feed 
intake, external insulation etc.) of the animal. The 
possible interaction of HW with the physiological state of 
an animal needs clarification. 

This group of experiments examined the immediate 
responses of sheep to: 
+2 rumen cooling by the addition of a cool mass or 

withdrawal of heat 
Pas levels of rumen cooling equivalent to the consumption 


of high moisture feed at temperatures from 38 to 1°C 


3s rumen cooling before, during or after eating 
4, various rates of rumen cooling and 
on rumen cooling of well and poorly fed and insulated 


sheep. 
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4.1 Experiment I The effects of ruminal cooling by two 
methods in fed and unfed sheep 

Changes in body temperatures, urine output, heart rate 
and metabolic rate were measured in three woolly sheep in 
which the heat of warming was simulated by rumen cooling. 
The cooling was by water infused into the rumen or by a 
intra-ruminal cooling coil. Three levels of rumen cooling 
were compared and cooling was imposed during feed ingestion 
or before feeding. 

Each trial consisted of a 1h pre-treatment period 
(Period 1), followed by a 1h treatment (cooling/eating, 
Period II) and two 1 h recovery periods (Periods III and 


IV). 


4.1.1 Experimental Methods 

4.1.1.1 Animals 

Three Sulfolk cross, 1.5 year old, fully fleeced (10 to 
15 cm fleece depth) wether sheep weighing 45.541.5 Kg were 
used in Experiments I and II. Two of the same sheep were 
used in Experiment III. 
Surgical Preparation 

All sheep had been prepared with a rumen fistula one 
year prior to these experiments. Two weeks prior to the 
experiment, four thermocouples (type A) sealed in medical 
grade polyethylene catheter (Intramedic PE 190 (alee 


mm, Clay Adams Ltd.) were surgically implanted to measure 
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specific intra- and extra-ruminal temperatures. General 
anaesthesia was induced with an intravenous injection of 
sodium thiamylal (Bio-Tal, Bio-Ceutic Laboratories Inc., 
Missouri) and maintained with a fluothane/oxygen mixture via 
an intra-tracheal tube. The rumen wall was located through 
a 10 cm incision on the right side of the animal 10 cm 
caudal to the last rib and 15 cm lateral to the spine. The 
flattened end of one thermocouple cover was sutured to the 
surface of the dorsal sac of the rumen approximately 2 cm 
dorsal and caudal of the right rumen vein. A second 
thermocouple was inserted through the rumen wall to lie 
inside the lumen of the rumen juxtaposed to the 
extra-ruminal thermocouple and was sutured in position. A 
similar pair of thermocouples were sutured on the ventral 
sac. The thermocouple wires were exteriorised through 
individual stab wounds dorsal to the main incision. 

During the same operation two of the sheep were 
prepared with a supra-pubic urinary drain. The bladder was 
located through a 5 cm para-medial incision anterior to the 
scrotum. The drain (Silastic malecot catheter no. 32, 
American Latex Corp., Sullivan, Indiana) was inserted and 
secured with a purse string suture, exteriorised through a 
stab wound and strapped to the hind leg. These drains did 
not maintain patency for the complete experimental period as 
they became occluded with fibrous tissue. After blockage of 
the bladder drain, urine was collected as voided. The third 


sheep was not fitted with a drain, but approximately one 
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third of the surface area of the bladder was infolded and 
sutured into the body of the bladder in an attempt to 
restrict the volume of the bladder and induce more frequent 


urination. 


4.1.1.2 Experimental treatments 

The following treatments were incorporated in a 3x2x3x2 
randomised split-plot design using three sheep, two methods 
of rumen cooling, three levels of rumen cooling and rumen 
cooling with or without associated feeding. Each sheep was 
subjected to the complete series of 12 trials allocated 
randomly over a continuous 12 day period. One trial per day 


was made on each sheep. 


Method of Rumen Cooling Treatments 
ee INFUSION 
Water was infused into the rumen via the rumen 
Gapinuiiatdat a rate of 2.5 litres.h~! over Pertod [1. 
This quantity of water represents a dry matter:water 
intake ratio of 1:10 when food was ingested (see FED 
treatment). The water was infused by a peristaltic 
pump (Cole Palmer Instrument Co., Model Masterflex 
7545) and the rate checked by stopwatch and measuring 
cylinder. 
The temperature of the infusate was monitored by 
a thermocouple placed in the insulated delivery tube 


approximately 5 cm from the entry to the rumen. The 
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infusate was stored in a thermostatically controlled 
water bath and passed through an insulated 
water :polyethylene giycol circulated catheter cover 
(Hills et al., 1977) before entering the rumen. 
COIL 

The sheep rumen cooling coil was inserted into 
the rumen through the cannula at the beginning of 
Period II and removed after one hour. The flow rate 
and temperature of the water entering the coil were 
adjusted to give the appropriate temperature 
differential across the coil calculated to withdraw 
the required quantity of heat from the rumen. Flow 
rate through the coil was between 1 and 2.5 
litres.min-'. In-going temperature of the circulating 
water was 22 to 25°C and the temperature differential 
across the coil 2 to 3°C. 
of Rumen Cooling Treatments 
NIL 

During Period II, water (2.5 litres) was infused 
intra-ruminally at 39°C (INFUSION) or the cooling coil 
was in place but with no circulation of coolant 
(COIL). There was no net cooling of the animal with 
this treatment. 
LOW 

A total of 210 kd of ruminal cooling over the 1 h 
treatment period. This level of cooling was 


equivalent to consumption of a ration of 10% dry 
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matter at 19°C and represented a rate of rumen cooling 
of 58 W. 
a HIGH 
A total of 400 kJ of ruminal cooling over the 1h 
treatment period. This was a rumen cooling rate of 
116 W and was equivalent to the consumption of a 


ration of 104 dry matter at 1°C. 


Fed - Not Fed Treatment 
4: FED 
A total of 250 g Ration A was fed in 6 equal 
portions over the one hour treatment period (Period 
II). This rate of eating was 4 to 5 g dry 
matter.min-', equivalent to that reported for high 
moisture feeds (Graham, 1964a; Osuji, 1974). 
2p: NOT FED 
No feed during the trial. 


In each case, the balance of the daily ration of 1000g 
Ration A was fed at the conclusion of each trial. When not 


on test the sheep were fed the full daily ration at 0900 h. 


4.1.1.3 Measurements and statistical analysis 
Continuous recordings of oxygen consumption, ear and 


leg skin temperatures, rectal temperature and five rumen 
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temperatures (four thermocouples surgically attached to the 
rumen wall and one inserted through the cannula into the 
rumen core) were made over the four hour trial. Trunk skin 
temperature (2 thermocouples, one on each side) was measured 
on two sheep and satisfactory implanted ruminal thermocouple 
data were available for only two sheep. Heart rate was 
measured at 10 min intervals using stainless steel pins in 
the axilla of both forelegs and on the back above the 
shoulder and was recorded on an ECG (Hewlett Packard, 
Electrocardiograph Model 1500A). Urine volume was recorded 
at 10 min intervals. 

Mean temperatures and rate of oxygen consumption over 
10 min periods were calculated and averaged over 1 h periods 


for statistical analyses. 


The analysis of variance included sheep(3), cooling 
method (2), cooling level (3) and FED versus NOT-FED (2) as 
the main fixed sources of variance. These terms were tested 
against the summation of the variance accounted for by 
interactions of the main effects with sheep and all three 
way interactions giving a total of 24 degrees of freedom 
(df) for error. Time periods (I to IV) during an individual 
trial were treated as a split-plot within the main 
treatments and tested against period interactions with sheep 
plus all three and four way interactions with main effects, 
giving a total of 93 df for error and a total of 144 


observations in each analysis. An example of the analysis 
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is included in Appendix Ib. 


4.1.2 Resuits and Discussion 

4.1.2.1 Method of Rumen Cooling 

Records of the flow rate through the coil and 
temperature differential across the coil showed that the 
actual rumen cooling achieved by the COIL method was 219+9 
KJ and 408212 kJ for the designed 210 and 400 cooling 
levels. These values were 4% above and 0.4% below 
respectively that achieved with INFUSION cooling. The only 
statistically significant effects of method of rumen cooling 
were on urine output, rumen temperature and leg skin 
temperature (Table 4.1). 

Urine output was increased approximately tenfold in 
Period III and IV by the INFUSION cooling treatment. By the 
end of the 2 h recovery period, 0.63 litres or 25% of the 
volume of infusate had been recovered over and above the 
output of urine with the COIL treatment. The energy 
expenditure of the kidneys is thought to account for only 8% 
of total M (Baldwin and Smith, 1971). Therefore any 
increase in energy expenditure of the kidneys due to 
increased renal filtration was probably small and not 
dectectable with the methods used. 

The significant treatment effect on rumen temperature 
was mainly due to a 2.7°C greater drop during the rumen 
cooling period with the COIL method. The intra-ruminal 


thermocouples may have been partially measuring the 
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Table 4.1 Method of rumen cooling by period interaction 
means for urine output, leg skin and rumen 
temperature (Experiment I) 


Period |! 
Cooling ar Treatment 
me thod I II bb] IV mean 
Urine output (ml.min-') 
INFUSION 0.4 te 4 55 oe, 3.2e 
COIL 0.6 0.7 


Rumen core temperature (°C) 


INFUSION 39.1ae 36.9be 38.1be 38.8ae 38.2e 
COIL 39.0ae 34.2cf 37.9be 38.9ae Bean 


Leg skin temperature (°C) 


INFUSION Aled 24.5 215 Pa ne 2 01e 
COIL rears a8 20 iG 18.6 19.9Ff 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 

e€,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 


1 Period I = pre-treatment hour, Period II = treatment 
hour and Periods III and IV = recovery 2x1 hour 


temperature of the coil per se, rather than the true 
temperature of the rumen contents, however a lower rumen 
temperature did persist after the removal of the coil. 
Although leg skin temperature (T/eg) was 4°C lower with 
COIL cooling than with the INFUSION cooling method, rumen 
cooling method did not have a differential effect on the 


change in Tleg. A difference of 4.4°C in Teg between 
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cooling methods existed in the pre-treatment period for 


unexplained reasons. 


4.1.2.2 Level of Rumen Cooling 

Level of rumen cooling had statistically significant 
effects on all parameters measured with the exception of 
urine output and trunk skin temperature. 

Body and Rumen Temperatures 

Three examples of significant (p<0.05) rumen cooling 
level by period interactions are shown in Table 4.2. The 
time course change for rectal, leg skin and rumen 
temperature for the NIL and HIGH cooling levels are shown in 
Figure 4.1. 

During the 4 h trial, body and rumen temperatures of 
sheep receiving the NIL level of rumen cooling remained 
constant or showed a slight rise. LOW and HIGH rumen 
cooling levels induced a decline in body and rumen 
temperatures, with the decline due to the HIGH level of 
cooling being approximately twice that induced by the LOW 
rumen cooling level. Rectal temperature fell 0.7 and 1.5 °C 
with LOW and HIGH cooling levels respectively and reached 
these levels before extremity skin temperatures had declined 
to their minimum levels. It is probable that the Tear and 
Tleg recorded for the HIGH cooling level in Period IV 
reflected minimum extremity skin temperature in a Ta of 10°C 
(Blaxter et al., 1958b). Any linear decline in body 


temperatures with increasing cooling level will ultimately 
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Figure 4.1 Time course change in rectal, leg skin and rumen 


temperature and oxygen consumption of sheep 
receiving NIL !solid symbols) or HIGH (open symbols) 
levels of rumen cooling ‘Experiment I) 
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Table 4.2 Cooling level by period interaction means for 
rectal, leg skin and rumen core temperature, 
heart rate and oxygen consumption 
(Experiment 1) 


Period 
Level of 
cooling I I] Bid IV +SEM 

Rectal temperature (°C) 
NIL 38.8ae 38.9ae 39.0ae 39.0ae 
LOW 38.8ae 38.6abf 38.5bf 38.8ae 0.04 
HIGH 38.9aE€ 38.5bcf 38.3bcf 38. 7abf 

Leg skin temperature (°C) 
NIL 24.4ae 23.4a€ 23.4ae 24.5ae 
LOW 24.9ae 21.7abe 18.8abf 20. labf 0.84 
HIGH 26.4ae 21.9be 16.5cf 15.7cg 

Rumen core temperature (°C) 
NIL 39.0ae 38.8ae 39.3ae 39.3ae 
LOW 38.9ae 35.6bfe 37.8af 38.9af O23s 
HIGH Suuvacee ce. icq 36.909  3h.6ar 

Heart rate (beats.min-') 
NIL 78.5a@e 88.0be 78.9ae 75.8ae 
LOW 76.4ae 90.1be 84.7abe 76.6ace ig42 
HIGH 76.1ae 92.2be 97.8bf 80.9ae 

Oxygen consumption (ml.min-') 

NIL 217ae 223ae 219ae 206ae 
LOW 208ae 225ae 235bef 213ae 4.0 
HIGH 204ae 2212ae 245bf 206ae 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 

e,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 
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be limited by this minimum temperature. 

Although Tr had recovered considerably by Period IV, 
the computed Tb of 36.6, 36.1 and 35.7°C for the NIL, LOW 
and HIGH cooling levels respectively were all significantly 
(p<0.05) different in Period IV. and Tb with the LOW and 
HIGH levels of rumen cooling was still significantly below 
the pre-cooling (Period I) level. Thus two hours after 
rumen cooling stopped the sheep were considerably rumen 


cooler than before the cooling took place. 


Site of Rumen Temperature Measurement 

Temperatures recorded over Period II at five ruminal 
sites are shown in Table 4.3. With the NIL cooling level 
the steady state between intra- and extra-ruminal (on the 
abdominal surface of the rumen) temperatures was not 
disrupted. With the LOW and HIGH levels considerable 
temperature gradients of 1.8 and 2.7°C were established and 
were indicative of heat flow into the rumen from the body. 
Extra-ruminal temperatures were 1.7 to 2.0°C below rectal 
temperature. 

Gradients of up to 6.0°C were established between the 
rumen core and deep body temperature and approximately 50% 
of this gradient occurred across the rumen wall. 

Heart Rate and Oxygen Consumption 

Heart rate increased in Period II due to eating ‘see 

next section) but was further increased in Periods II and 


III with the LOW and HIGH levels of rumen cooling (Table 
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Table 4.3 Rumen temperature recorded at five sites as 


influenced by level of rumen cooling 


Period Il 


Rumen 
temperature( °C) 


Core 


Dorsal sac 
intra: ' 
extra 


Ventral sac 
intra 
extra 


(Experiment I) 


NIL 


38.8a 


39.0a 


38.9a 


38.9a 


Cooling level 


LOW 


chee! €, 


34.46 
SGEFD 


Shag 2, 
366-00 


HIGH 


ee | 


34.1D 
36.4b 


As A ot & 
36. 20 


+SEM 


38.9a 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 


1 intra = thermocouple inserted through the rumen 
wall into the lumen of the rumen 


extra = thermocouple on the abominal surface of the rumen 


Differences within columns not statistically 
analysed. 


4,2). Oxygen consumption was significantly elevated due to 


cooling treatment only in Period III. 


The LOW and HIGH 


cooling treatments increased oxygen consumption by 13 and 


20% respectively. The cumulative increase in oxygen 


consumption during Period II to IV above the NIL cooling 


level totalled 58 and 75 kU for the LOW and HIGH cooling 


levels; equivalent to 18 and 28% of the rumen cooling 


respectively. 
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Overt shivering was only observed with the HIGH cooling 
level and a marked increase in M did not occur until the 
final 30 min of the rumen cooling period, but continued for 
10 to 15 min after cooling stopped. Shivering therefore 
occurred before minimum skin temperatures had been achieved. 
Urine Output 

There was no consistent effect of cooling level on 
urine output, the overall mean being 1.9 ml.min-'. Body 
fluid shifts, likely to induce an increase in urine volume, 
have been shown to occur over a period of days in sheep 
exposed to low ambient temperatures (Degen and Young, 1979). 
The collection period in this experiment was probably of 
insufficient length to measure any change in urine output 
due to changes in body fluid compartmentation in response to 


rumen cooling. 


4.1.2.3 FED versus NOT-FED Treatment 

Feeding treatment significantly affected all 
temperatures recorded except leg skin, trunk skin and rectal 
temperatures. In general, body and rumen temperatures 
declined less when rumen cooling was accompanied by eating 
but metabolic rate increased with feeding (Figure 4.2). 
Changes in temperature with and without associated feeding 
are shown in Table 4.4. The smaller change in body 
temperature when cooling was accompanied by eating was 
reflected in a significant (p<0.05) interaction between 


feeding treatment and period (Table 4.5). The decline in 
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Figure 4.2 Time course change in heart rate, leg skin and rumen core 
temperature of FED (broken line) and NOT FED (solid line) 
rumen cooled sheep (Experiment I) 
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Table 4.4 Effect of feeding treatment on change in ear 
skin, leg skin and rumen core temperature, 
heart rate and oxygen consumption 
(Experiment 1) 


Feeding Treatment 


FED NOT FED 

Temperature (°C) 

ear skin 1! +426 ea Tse 

leg skin ! oho tede -6.4 

rumen core 2 =4i5 F528 
Heart rate (beats.min-') 3 +0.7 +25.5 
A pe consumption 3 

ml.min-1) +4 +99 


3 change Period I through IV 
2 maximum change Period I to Il 
mean change Period I to II 


Table 4.5 Feeding treatment by period interaction means 
for mean body temperature (°C) (Experiment I) 


Period 
Feeding —— 
treatment I It iE! IV +SEM 
FED 36.4ae 36.3ae 36.1ae 36.3ae 


0.07 
NOT-FED 36.6ae 36.4ae 35.8bf 36.0bf 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 

e,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 
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mean body temperature in the FED treatment was about 50% of 
that recorded in the NOT-FED treatment. 
Urine Output 

Urine output was significantly (p<0.05) reduced by 24% 
during Periods II, III and IV in the FED treatment. A 
decline in urine production with feeding has been observed 
(Blair-West and Brook, 1969) and is associated with the 
reduction in plasma volume which has been shown to coincide 
with feeding a dry ration (Christopherson and Webster, 
1972). There was no interaction between method of cooling 
and feeding, so the reduction in urine output was consistent 
over both the INFUSION and COIL cooling methods. 

Although the water infused into the rumen could not 
have substituted for saliva flow into the rumen, it might 
have been expected to substitute for any net flow of water 
across the rumen wall into the rumen (Ternouth, 1968) in 
response to increased rumen osmolarity with feeding (Warner 
and Stacey, 1965). Considering the volume of water (1.25 
litres on average) which was infused into the rumen bt hs 
somewhat surprising that urine volume was reduced with 
feeding. 

Heart Rate and Oxygen Consumption 

During the feeding period the increases in heart rate 
and oxygen consumption were 30 and 9% respectively over the 
NOT-FED values. The increase in heart rate was similar to 
that recorded during feeding by Christopherson and Webster 


(1972) but the increase in oxygen consumption is much lower 
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than that normally associated with the feeding response of 
30 to 50% (Young, 1966; Christopherson and Webster, 1972: 
Osuji et al., 1975). Heart rate in this experiment was 
recorded at the beginning of each 10 min period immediately 
after the sheep were fed. The sheep consumed the 42 g feed 
offerred at 10 min intervals in 1 to 2 min, or one fifth of 
the time. The smaller increase in oxygen consumption with 


eating probably reflected this sporadic feeding pattern. 


4.1.3 General Discussion Experiment I 

4.1.3.1 Mass plus heat versus heat 

For an effective cooling of the rumen by 210 ku, the 
INFUSION cooling method added 2.5 kg of mass as water and 
198 KJ of heat, whereas COIL cooling removed 219 ku directly 
from the rumen. The calculated theoretical drop in rumen 
temperature for each cooling rate as a result of these heat 
and mass exchanges if no heat was transferred from the body 
have been calculated for a range of rumen mass (Table 4.6). 

The observed difference between the two cooling methods 
at the end of the cooling period was 2.7 and 5.4°C. Rumen 
volumes of 5.8 and 5.4 litres would be predicted from the 
difference beween the cooling methods for the 210 and 400 
cooling treatments respectively. Differential rates of 
movement of rumen contents from the rumen with the two 


treatments during cooling should not influence such a 


ry 
+ +7 bis un Kc le i — << rs. ~) . tans) ma? 
Mee i ' th + =i a5 owe iE) Capes? : Ball Pe bet. RE ve 
7 aya 

* ~ ° 4 7 - 

sl acteW nozreraot es) 19 o3 0 ot OE 
. ‘J, _ 7 

. idjont sien ise4e "ote - (Ver 


Oi 17m: OF Yi io ‘erent? ged eid a abnor 


7 


; So: i nt eteviedni oho te os78 40 
wD! Sera y | ey have | eft : emt Ss a =. if 


At 
7) 


iyptoge 2ict bolsolten yl dsdowg pene 


/f- 


isa’ Syeteu ase euidq eas¥ 1.8. es, 
= i Ad 


Pi ‘ 7 
| rs omaa geaitoey J709 ewetete , ead Te 
om 
| (2pliewwe) Secvafusleo act nese 


" : [Leet & OB Sec Sti leo Hope 101 Us eqmedl 


wes): aew Jae oh TT 207 seston ‘eS we dow be 15 


=i 


5 sam ony 0 opens wt betel vat a meee 


tiem oat hept Ot ett peewted sdneteyt ay bav idsdo ent ve 


Fy t | 
nem .2°h. f Ohh ToS maeior pap feeagsett to — wit ti 
‘act? v4 by io ite $g nt Wow een) Tl 4,2 — as é ro: a mm FO) 


20) bog ONS ere Ws shariteas graben 


7 to 299 a ahem oe. ytevt ee ie 
— ; =i : a 
« Mw si oF Ww " wey « pene axa hee 


we 
= 
¥ 
tal 
a 


utk! 


ae? a 


48 


Table 4.6 Theoretical rumen temperature (°C) at the end 
of rumen cooling by the two experimental 
methods (Experiment 1) 


Rumen Cooling Method ! Difference 
vo lume ne 
(litres) INFUSION COIL INFUSION-COIL 


LOW cooling treatment 


4 i anes. 2050 4.8 
- 3273 29.0 avs 
6 ae S0P68 yaniee. 
7 onthe Wt Re: HAS 
HIGH cooling treatment 
4 24.4 iad hap 
3 ala ne AV est 6.3 
6 Pat beat ane 4.6 
r 2920 25.4 6 
Assumptions Specfic gravity of rumen fluid = 1.0 


Specific heat of rumen fluid = 1.0 
Pre-cooling rumen temperature = 39.0°C 


1 INFUSION cooling method = rumen infusion 
of 2.5 litres water over 1 hour at 19°C 
(LOW) or at 2°C (HIGH) 
COIL cooling method = 210 KJ (LOW) or 400 ku 


(HIGH) heat removed from the rumen 
over 1 h with a cooling coi! 


calculation of rumen volume if the mass leaving was at the 
mean rumen temperature. 

A difference of >5°C in rumen temperature between the 
methods of cooling would not be expected unless the increase 
in rumen volume due to the infusion of water was >40% and 
the temperature differential between the added cold mass and 


the rumen was >38°C. Within these limits either cooling 
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method could be used in experiments. studying HW without fear 


of undue bias due to the cooling method used. 


4.1.3.2 Heat gained by the rumen 
The total heat gained by the rumen from the body over 
the cooling period was estimated from the difference between 
the theoretical (Table 4.6) and the actual temperature of 
the rumen at the end of the cooling period. A pre-cooling 
rumen volume of 5.4 and 5.8 litres for the HIGH and LOW 
cooling levels was used. The result of this calculation is 
shown in Table 4.7. 
Table 4.7 Calculated heat gain (kJ) by the rumen in 
response to rumen cooling over 1 hour 
(Experiment I) 
Method of Cooling 
INFUSION COIL 


Cooling KJ h Ku y re 
treatment 
LOW 2 134 63.8 92 43.8 
HIGH 255 63.6 1593 39.8 


1 Heat gained by rumen as % rumen cooling 
: LOW 210 KJ rumen cooling over 1h 
HIGH 400 KJ rumen cooling over 1h 
Estimation of heat gained by the rumen using COIL data 
tended to under-estimate the actual heat gain since no 
allowance was made for an increase in rumen volume over the 
cooling period due to saliva and feed. Conversely, the 


estimate from the INFUSION cooling method may over-estimate 
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the heat flow into the rumen since it does not account for a 
decrease in volume due to a potential efflux of the infusate 
across the rumen wall. If COIL post-cooling rumen volume 
was increased by 0.3 to 0.4 litres and INFUSION rumen volume 
decreased by a similar volume, both methods would estimate 
that approximately 50% of the cooling was recovered by the 


rumen over the one hour cooling period. 


4.1.3.3 Association of feeding with rumen cooling 
The impact of feeding on the response to ruminal 

cooling is summarised in Figure 4.3 which shows the change 

in Tb and M from Period I, relative to the changes in the 

NOT-FED, NIL cooling treatment. The following points may be 

noted. 

tt Feeding in the absence of rumen cooling increased TD 
and Tru in Periods III and IV. 

a Rumen cooling completely negated this increase and 
body and rumen temperatures declined. 

<3 In Period III and IV there appears to have been 
substitution of the body temperature rise due to 
feeding for the fall in temperature with rumen 
cooling. The substitution ranged from 38 to 138% with 
a mean of 81%. <A similar substitution of the rise in 
rumen temperature with feeding for the decline in 
rumen temperature with rumen cooling was evident, but 
the substitution was not as large (40%). 


4, In contrast to body and rumen temperatures, the 
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Figure 4.3 


Fed 


Mean Body 


Temperature ( C) Not Fed 


Period Il Period III Period IV 


Nil Low High Nil Low High Nil Low High 


Relative change in mean body temperature and heat 
production between FED and NOT FED sheep from 
Period II through Period IV (NOT FED, NIL cooling 
used as baseline (Experiment I) 

(FED treatment hatched area) 
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increase in heat production with feeding did not 

appear to substitute for the rise in heat production 

in response to cooling. 

The cumulative increase in M in Periods II, III and IV, 

over Period I in the NOT-FED treatment was equivalent to 20% 
of the cooling. The cumulative increase in M with rumen 
cooling, over and above that caused by feeding was a similar 
26% in the FED treatment. If the increase in M due to 
feeding is included, the cumulative increase in M in Periods 
II, III and IV could account for 45% of HW in the FED 
treatment. This lack of substitution may be a reflection of 


the sporadic eating. 
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4.2 Experiment II Rate and timing of rumen cooling 

Rumen cooling treatments in Experiment I were a 
combination of a variable total quantity (HW) and variable 
rate (G) of cooling. The effect of rumen cooling on body 
temperature was reduced when the cooling was accompanied by 
feeding but the increase in body temperatures due to feeding 
occurred after cooling. In Experiment II one level of rumen 
cooling was imposed at three rates to determine the effect 
of rate of cooling per se and rumen cooling during feeding 


was compared with cooling after feeding. 


4.2.1 Experimental Treatments and Measurements 

The following treatments were incorporated in a 3x3x2 
randomised block design using three sheep, three rates of 
rumen cooling and rumen cooling at two times relative to 


feeding. 


4.2.1.1 Rate of Rumen Cooling Treatment 


Three rates of rumen cooling were compared. 


i FAST 
116 W of rumen cooling for the first 30 min of 
Period Il. 
on MEDIUM (MED) 


58 W of rumen cooling for 60 min (Period I1) 
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29 W of rumen cooling for 120 min (Periods II and 


OLE) 


All three rate of cooling treatments were equivalent to a 


total cooling of 210 ku. 


4.2.1.2 Time of Rumen Cooling Treatment 
Rumen cooling was applied at two times relative to 
feeding. 
af, DURING FEEDING 
Cooling imposed during feeding as described in 
Experiment I. 
ek POST-FEEDING 
Cooling imposed 30 min after the conclusion of 


feeding. 


Rumen cooling was by the intra-ruminal cooling coil 
method described in Experiemnt I. Oxygen consumption, 
rectal temperature, ear, leg and trunk skin (2) temperatures 
and rumen core temperature were recorded continuously over 
each four hour trial. 

For evaluating the effects of the rate of cooling 
treatment on body and rumen temperatures the following data 
were used 
43 Pre-cooling > Mean of the two 10 min periods 

immediately prior to rumen cooling. 


ha End of cooling - The mean of the final 10 min of 
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the cooling period. 


mf 1 h post-cooling = Values 1h after those recorded 
inm- toy: 
4. 3 h after the start of cooling - Values for the 10 


min period equivalent to 150, 120 and 60 min after 


cooling stopped. 


For the time of cooling treatment, the means of Periods I| to 
IV were compared as in Experiment 1. 

The recovery in rumen temperature with time after the 
end of cooling was approximated by an exponential curve 
(Figures 4.1 and 4.2). The natural logarithm of the 
difference between rumen temperature before cooling and at 
10 min intervals post-cooling was fitted by regression 


analysis against time. 


4.2.2 Results and Discussion 

4.2.2.1 Rate of Cooling 

Rate of rumen cooling significantly affected rectal, 
leg skin and rumen temperature and oxygen consumption. 
Body Temperatures 

Faster rates of cooling induced greater declines in 
body temperature, but showed greater recovery within the 
time frame of the experiment (Table 4.8). Figure 4.4 shows 
graphically the changes in Tb. The rate of decline in mean 
body temperature was dependent on the rate of rumen cooling. 


Mean body temperature declined 13, 10 and 4 x 1078 “C.min- 1 
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A Mean Body Temperature ( C) 


60 120 180 240 


Time (min) 


Effect of rate of rumen cooling on change in mean body 
temperature of sheep (Experiment II) (solid lines, 
cooling phase; broken line, recovery phase) 


Figure 4.4 
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Table 4.8 Effect of rate of rumen cooling on rectal, 
mean body and rumen temperatures and rumen 
temperature Kinetics (Experiment I1) 


Rate of cooling 


SLOW MEDIUM FAST 


Rectal temperature (°C) 


Pre-cooling 39.0 39.0 39.0 
End of cooling 38.9 Shut 38.9 
1 h post-cooling 39.0 38.8 39.0 
3 h after cooling 39.0 39.1 39.1 
Mean body temperature (°C) 
Pre-cooling 37.2ae 36. 9ae 37 .0ae 
End of cooling 36.7a@ 36.3ae€ 36.9aef 
1 h post-cooling 36 .9ae 36 .4ae 36. 3af 


3 h after cooling 36. 9ae 36 . Jae 37 .2ae 


Rumen core temperature (°C) 


Pre-cooling 39.7ae 39 .5ae 39.7ae 
End of cooling 36 . 9af clea td ese Bar ace 
1 h post-cooling 39.3ae 39. 1ae 39. 1ae 


3 h after cooling 39.3ae 39 .6ae 39.6ae 


Kinetics of rumen temperature recovery 


Time constant 


(10-3.min-1) So. 6 at. 1 Arr 
T 1/2 (min) D4 17 17 
Predicted max. 

temp. drop (°C) 2.6 4,4 5.9 


en 


a,b,C,d means in rows followed by the same letter are 
not significantly different (p<0.05) 

e,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 
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which was equivalent to a rate of loss of body heat content 
(S) of 36, 21 and 11 W for the FAST, MED and SLOW rates of 
cooling respectively. Mean body temperature continued to 
fall for 10 to 30 min after cooling ceased. At minimum Tb 
the total loss in body heat content (HC) was 130, 114 and 81 
KJ for the FAST, MED and SLOW treatments respectively and 
was equivalent to 62, 54, and 38% of the rumen cooling. 

By 1 h post-cooling, some recovery in TD had taken 
place. Due mainly to the variable length of time for 
recovery before the end of the trial, the residual effects 
of the SLOW rate of cooling were greater. 

Rumen Temperature Recovery 

Although the fall in rumen temperature during cooling 
was significantly (p<0.05) affected by rate of rumen 
cooling, the time constants for the recovery of Tru were 
very similar. Half of the decrease in Tru was recovered in 
17 to 21 min (Table 4.8). Diffusion of heat into the rumen 
would appear to be mainly a function of the temperature 


gradient between the rumen and the body core. 


Oxygen Consumption 

Differences in oxygen consumption due to rate of 
cooling were confounded by cooling ending at a different 
time after feeding with each rate of cooling and by the 
inexplicably high pre-cooling rate of oxygen consumption in 
sheep subsequently receiving the FAST cooling rate (Table 


4.9). 
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Table 4.9 Rate of rumen cooling by time period 
interaction on oxygen consumption (ml.min-1) 


Period 
Rate of So ae Se ge eg a eee ee ee 
cooling I II Cia IV 
SLOW 211ae 223ae 229ae 221ae 
MEDIUM 204ae 229be 223abe 2 1b5abe 


FAST 245af 252af 235ae 231ace 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 

€,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05)- 


Oxygen consumption during Periods II and III, above the 
mean of Periods I and IV showed a total increase equivalent 
to 13, 40 and 24 kid for the FAST, MED and SLOW rates 
respectively, suggesting that the MED cooling may have been 


more effective in stimulating metabolic rate. 


4.2.2.2 Time of cooling 

Body Temperatures 
Feeding established higher body temperatures before cooling 
(Table 4.10). The decline in body temperatures with cooling 
was greater when the sheep were fed before cooling but the 
recovery of body temperatures after cooling was less when 
the sheep were fed before rumen cooling. 

Although the drop in body temperatures was greater with 
the POST feeding treatment and the recovery in body 


temperatures after cooling was less, al] final body 
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Table 4.10 Time of feeding treatment by period 
interaction means for rectal, ear skin, 
mean body and rumen core temperature 
(Experiment I1) 


Period 
I II Lil IV 

Rectal temperature (‘C) 

DURING ! 38.9ae€ 38.9a6 38.9ae 39.1bf 

AFTER 39.1ae 39.0abe 38.9be 38.9be 
Ear skin temperature (°C) 

DURING 26<1 24.4 2023 22-25 

AFTER tans 25. Pe ae 24.2 
Mean body temperature (°C) 

DURING 36..6ae | 36.5ae »36.4ae 36.7ae 

AFTER Shacar oiiabn s6.7Ce 36.80ce 
Rumen core temperature (°C) 

DURING 39.2ae 36.5ce 38.2be 39.4ae 

AFTER 39.8af 36.9ce 37.8be 39.1ae 


1 DURING = Rumen cooling during eating 
AFTER = Rumen cooling 30 min after eating 


a,bD,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 

e,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 
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temperatures were slightly greater at the end of the trial 
for the sheep cooled during feeding. 

Mean body temperature, representing the net effect of 
changes in body temperatures was compared between 


Experiments I and II (Table 4.11). 


Table 4.11 Mean body temperature (°C) pre- and post- 
rumen cooling as influenced by the time of 
cooling in relation to feeding 
(Experiments I and I1) 


Experiment I Experiment II 
Time NOFsRED® *FED DURING POST 
Pre-Cooling oO-0 36.4 3626 Silas 
Post-cooling 3566 SG 36.4 36% 
Pre minus Post =.8 -Q58 e0n2 7046 


Cooling without feeding (NOT-FED, Experiment I) or 
cooling after feeding (POST, Experiment II) caused a similar 
decline in TD which was more than twice that when cooling 
accompanied feeding (FED, Experiment I and DURING, 
Experiment II). This change in TD represents a mean change 
in HC of 41 KU when feeding accompanied cooling and 114 ku 
when the cooling was not associated with eating. With rumen 
cooling post-feeding, Tb declined from an initially high 
level to a value similar to that achieved with cooling 
during feeding. On the other hand, the decline in TO when 
cooling was not accompanied by feeding at any stage was to a 


level well below the other treatments. 
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Oxygen Consumpt ion 

The confounding of time of cooling with time of feeding 
in this experiment makes a direct interpretation of the 
oxygen consumption data difficult. However a comparison of 
the oxygen consumption from similar cooling treatments in 
Experiments I and II has been made (Table 4.12). The 
increase in oxygen consumption with 210 KJ of rumen cooling 
was similar in both experiments where cooling was 
synchronous with feeding. The pattern of oxygen consumption 
of the POST treatment is similar to the NIL cooling 
treatment in Experiment 1. No appreciable increase in 
oxygen consumption was observed during cooling when cooling 
occurred after feeding. A very similar pattern in heart 
rate between the above treatments can also be shown (see 


Appendix II). 
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4.3 Experiment III Feed intake and insulation effects on 
the heat of warming 

Higher feed intakes elevate body temperatures (Blaxter 
et al., 1958b) and shearing reduces mean body temperatures, 
at least for a few days after shearing (Webster, 1966; 
Webster and Johnson, 1968). Shearing may be a practical 
situation where any deleterious effects of HW are 
exacerbated. The effects of rumen cooling were reduced by 
an elevation in body temperatures due to feeding 
(Experiments I and II) but the rise in body temperatures 
with feeding only existed for one to two hours. If 
longer-term higher body temperatures could be established, 
the impact of the heat of warming might be further reduced. 

Experiment III compared two levels of rumen cooling 
imposed on woolly and shorn sheep at low and high feed 


intakes. 


4.3.1 Experimental Treatments and Measurements 


The experimental treatments were: - 


4.3.1.1 External Insulation - Feed Intake Treatments 
Three external insulation (fleece length)-feed intake 
combinations were compared. 
ihe Woolly sheep at low feed intake (WOOLLY-LOW) 
Woolly sheep (10 to 12 cm fleece length) were 


established on a feed intake of 500 g Ration A daily 
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for 8 days before the rumen cooling trials 
2: Woolly sheep at high feed intake (WOOLLY-HIGH) 
Woolly sheep were established on a feed intake of 
1250 g Ration A per head per day for 8 days before 
rumen cooling trials were conducted. 
a: Shorn sheep at high feed intake (SHORN-HIGH) 
Woolly sheep at the high feed intake were shorn 
(0.5 cm fleece depth) and exposed to rumen cooling 
trials on two consecutive days after shearing. 
Each sheep moved sequentially through the Feed Intake - 


Insulation treatments in the above order. 


4.3.1.2 Level of Cooling 

Two levels of cooling, the LOW and HIGH treatments as 
described in Experiment I, were used. The cooling method 
was by intra-ruminal water infusion. The cooling levels 


were allocated at random. 


Two sheep were used in the 2x3x2 partially randomised 
block design. Each trial consisted of the same four 1h 
periods as described for Experiment I with feeding (250 g 
Ration A) and cooling during the second hour (Period II) of 
each trial. The same measurements were made as for 
Experiment II and the data were statistically analysed as 


for Experiment I. 
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4.3.2 Results and Discussion 

4.3.2.1 Feed Intake and Insulation 

Major differences in body temperatures, heart rate and 
M existed between the main treatments prior to cooling 
(Table 4.13). Woolly sheep on the high feed intake had 
higher initial body temperatures and heat production than 
woolly sheep at the low feed intake. Shorn sheep had lower 
initial body temperatures than the woolly sheep and a higher 
rate of heat production than the woolly-high intake 
treatment. 

In common with the results from Experiments I and II, 
all body temperatures declined in response to ruminal 
cooling with lowest body temperatures being reached in 
Period III and some recovery being shown by Period IV. The 
trend was for the maximum decline in extremity skin 
temperature to be greatest for the woolly well-fed sheep and 
least for the shorn well-fed sheep. 

Since the oxygen consumption of the shorn sheep was 30% 
higher than the woolly sheep at the same feed intake, the 
shorn sheep were considered to be out of thermoneutrality. 
Peripheral vaso-constriction is normally considered to be at 
a maximum below the critical temperature of an animal. 
However rumen cooling of the shorn sheep did induce a 
decline in extremity skin temperature. This observation 
suggests that the stimulation of rumen and deep body 
thermo-receptors induced further vaso-constriction which 


might have been expected to already be at a maximum. 
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Table 4.13 Pre-cooling and maximal change in ear, leg, 
and mean body temperatures, heart rate oxygen 
consumption (Experiment III) 


Insulation treatment-feed intake! 


WOOLLY-HIGH WOOLLY-LOW SHORN-HIGH 


Ear skin temperature (‘C) 


Pre-cooling 34.0a 19.8D 20.7a 
Max. change Peg ad fee? eye 


Leg skin temperature (°C) 


Pre-cooling 26.8a 16.9b 17.4a 
Max. change cre BAS eye -4.8 


Mean skin temperature (°C) 


Pre-cooling Sic0 2058 Paid 

Max. change | -0.4 =i20) 
Heart rate (beats.min-') 

Pre-cooling 87a 54b 98c 

Max. change rt! +36 +50 
Oxygen consumption (ml.min-1) 

Pre-cooling 249a 170a 33/D 

Max. change so +51 +150 


a,D,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 


1 WOOLLY = fleece depth 10 to 12 cm 
SHORN = fleece depth 0.5cm (shorn) 


HIGH 
LOW 


1250 g Ration A daily 
500 g Ration A daily 
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Despite the greater drop in body temperature with rumen 
cooling at the higher feed intake and superior insulation, 
the post-cooling temperatures were still higher than with 
the lower feeding level and inferior insulation. The 
cumulative increase in M during Periods II, III and IV above 
Period I was equivalent to only 40 Ku with the woolly 
well-fed sheep compared with 98 and 173 KJ with the woolly 
sheep at the low feed intake and the shorn sheep 
respectively. This increase in M was equal to 13, 32 and 


57% of the rumen cooling. 


4.3.2.2 Cooling Level 

Very similar trends in body and rumen temperature 
changes with cooling level occurred as in Experiment I. In 
this experiment, TD fell 0.4°C with the lower level of 
cooling and 0.7°C with the higher level. The corresponding 
values from Experiment I were 0.6 and 0.9°C for the LOW and 


HIGH cooling respectively. 


4.4 General Discussion Experiments I, II and III 

4.4.1 Change in Body Heat Content 

Changes in mean body temperature (Tb) reflect changes 
in body heat content if body mass and specific heat remain 


the same and no large internal temperature gradients exist. 
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In these experiments considerable changes in TD occurred in 
response to the various rumen cooling regimes imposed in 
Experiments I, II and III. The decline in heat content of 
the animal with ruminal cooling, and its regain after 
cooling represents a reserve or ‘bank’ of heat which has 
potential as a thermal buffer against the impact of internal 
cooling via the rumen. 
To estimate the extent to which the heat content buffer 
played a part in the overall response to ruminal cooling in 
these experiments, the net change in HC from Period I 
through Period IV was calculated for all the main treatment 
effects. By the end of Period IV, rumen temperature was 
within 0.5°C of rectal temperature and thus calculation of 
HC would not be affected by temperature gradients within the 
body. Fleece-free body weight was used to calculate HC and 
the specific heat of the body tissues was taken as 0.83 (see 
Minard, 1970). 
The net change in heat content from Period I through 
Period IV is shown in Figure 4.5 for the main treatment 
effects. Salient points are: 
ie In all cases where rumen cooling occurred, body heat 
content was lower 2 h post-cooling than before rumen 
cooling took place. The net reduction in HC of the 
sheep in response to the 400 kJ rumen cooling was 
approximately 160 KJ or 40% of the cooling. 

oe Feeding activity reduced the body heat debt due to 


cooling by 65 to 70 ku. 


~ ' ia a 
= ate Oi 7 
i J | 
‘ ’ 
1 


3 utg of danem? 2hos. &7 nce 

nt wf ae | gee hoed pees auc 1 att ofig 
i =n 

_ 

' wed fags’ eel 7 sil oe fo4 asnami 168 ia 


= 


a 
ae 39% 


- 
| GS nae’ Ea) bil : i a) te lemtns 2 : 


tran? Sp aveaie ¢ sineeenqenigaleeaas 
: s — -_ 
= = . 
SOG Sy) hy rm) Vata 5 ££ left ingstog” 
: - 


> att stv ent feos 


~ 


Ss 
. 


abe wef he Sh feeds At etenties oro 
es noua: Tig+es oc! nt f5Bq- © Dae 

+ 7 7 f 

iatneG sane Se eeeierts. lar } ei oat eqs sean 

r P | . y he a) i 


. “ent ben tT "t : ; vs t bo | ~e4 AQUG 


Ta * ‘ - a iz /a 
Jar 1 i S&S So iD 2 ¢ 
’ { ' he | 2 vst y ie bs , ad Ton bi 
. 
; ov. cee Undgrew - cd: so73 -sese!4 
j 
neve? cow 20ghalt Awad etd $a: Teed pp) tosqe) eam 
- o. a 
: my 7 
(over, baaakh 
: > va 7 : 
- Py 5 es ; éifm a ow = 
qj 1 Bers nowt tieivied Jeoh of agasio gen ed! Sn 


ge?! octem edo aah 8. 8 ether? mf raven ta ef VI. ‘bol ne af 


i 


wed siniteg snot tne aoe sstte 
an 


i yhod. ,.bo" “2180! BFP ieee <cosinea aeeri st ee ota al a 
7 9 


ua a yoted cor BRP Tees I ope Ae = Saad = 26w nein oa 


Se 


ie 


Lin : e : , 7. a 
ad! to 3H net 10be 1! Jen ork reoaty Hogt ‘gett oee — 


S 


ace grit hoes ney & UA UR: 7 a emia whi henge 


he a i ord ; laid 
einer aA yo $08 a. eke A an — wa 


a 

fs al ae 

—— Bis. 7 iS] . ae T ee b } he ‘ oe Le) © thers i 
wo a re We arn 1 ihe ay 

. P a7, dt ) oe 


Nil Level of Cooling 
Low 
High PARSER RRR ERR 
Cooling While FED 
NOT FED 
Experiment | 


70 


—_—_— ——_— O88 we ie8e=s= 88 j===—e ass aca 


Rate of Cooling 
Fast 
Medium 
Slow 


Cooling During Feeding 
Post 


Experiment II 


Insulation — Feed Intake 


Good — Low 
Good — High 
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Experiment Ill 


— 150 — 100 50 0) + 50 


A Body Heat Content (kJ) 
Period | through IV 


Figure 4.5 Net change in body heat content of sheep from 
Period I through Period IV (Experiment I-III) 
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Sie Where body temperatures were high before the cooling 
(eg. in treatments where rumen cooling took place 
after feeding, Experiment II or where the level of 
feed intake or external insulation was high, 
Experiment III), a greater body heat debt existed 2h 
post-cooling. By reference to the results of the 
individual Experiments, it can be seen that where HC 
was high before rumen cooling, the increase in M due 


to the cooling was low. 


The body heat content buffer can be visualised 
diagrammatically (Figure 4.6). The complete buffer zone is 
defined by maximum and minimum body temperatures which are 
presumably a function of temperature regulatory ‘set’ points 
in the hypothalamus. The available buffer zone is dependent 
on the difference between the mean body temperature and the 
minimum body temperature. Mean body temperature depends on 
factors such as feed intake (level of heat production), 
insulation, ambient temperature and exercise. Also shown in 
this model is the effect of a single substantial drain on 
the HC buffer by, for example, a large meal of cold feed 
where the buffer is exceeded and a rise in heat production 
initiated. A comparable hypothetical situation is shown 
where the buffer is reduced on a number of occasions, but in 
small quantities so that at no time does body temperature 


fall below the minimum. In this latter case mean body 
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(a) Influence of Tp on Heat Content Buffer 


T, max 
ii ae 
| 
T, High . 
SN Heat 
WN Content 
Buff 
Time Tp min Time 
T,High = High Feed Intake T,pLow = Low Feed Intake 
ale LOW le 
= Good Insulation = Poor Insulation 
= Post Feeding = Post Internal 
= With Exercise Cooling 


(b) Influence of Frequency of Cooling on Tp 


N 
N 
) ASS 
| Single Cooling Il Multiple Cooling 
T,, Falls Below T, min T, Always > Tp min 
but Daily T, > Il but Daily T, < | 


Figure 4.6 Model of body heat content buffer and influence of 
mean body temperature and body cooling on the body 
heat content buffer 
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temperature is lower over time than in the single cooling 
situation. Although the increase in energy expenditure has 
been avoided, the animal is likely to be at greater risk to 
further cooling for a longer time. 

Such a heat buffer or thermal ‘bank’ would help explain 
some of the variable responses obtained to internal cooling 
in these and other experiments. 

A closer study of the combined results from Experiments 
I, II and III could reveal critical levels of some 
temperatures or their combinations which might predict the 
physiological limits to the heat content buffer system in 
sheep. Such an approach has been taken in attempting to 
define the limits of heat and cold exposure in humans 
(Blockley, 1963; Hayward et al., 1977) and in a number of 
small mammalian species (see Stitt et al., 1974). However, 
at this stage in the present study it was considered 
necessary to gather information on the effects of continued 
exposure to internal cooling from cold feeds, rather than to 


predict the outcome of a single exposure. 


4.5 Summary Experiments I-III 

Rumen cooling by the direct infusion of water or by a 
cooling coil used to simulate the effect of ingesting cold 
feed and water elicited a number of responses in adult 
sheep. 

Peripheral vaso-constriction was induced, presumably 


through the stimulation of rumen and deep body thermal 
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receptors. Sensible heat loss from the body would be reduced 

as a result of the vaso-constriction. The degree of 

peripheral vaso-constriction which occurred was 

1 directly proportional to the quantity of rumen cooling 
(Experiment I), although this relationship must 
ultimately be limited by the mimimum skin temperature. 

a dependent on the rate of rumen cooling. Faster rates 
of cooling caused a more rapid decline in skin and 
body temperatures (Experiment II). 

3 influenced by the body temperature/heat content of the 
animal (Experiments I, III). Where pre-cooling body 
temperatures were high, a greater decline in skin 
temperatures occurred with cooling, although some drop 
in skin temperature did occur below thermoneutrality 
(Experiment III). 

Skin temperature continued to decline after rumen 
cooling ceased (Experiment III). The relatively slow 
decline in skin temperature in response to the internal 
cooling limits the reduction in sensible heat loss. 

Deep body (rectal) temperature also declined with rumen 
cooling (Experimented I, II and III) and represents a 
reduction in the total body heat content. With most of the 
rumen cooling treatments in these experiments, body 
temperatures were still below pre-cooling levels 2 h 
post-cooling. Presumably these animals would be more 
susceptible to further cooling either by the consumption of 


more cold food or by falling ambient temperatures. 
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Metabolic rate (M) increased in response to ruminal 
cooling (Experiments I and III) when body temperatures fell 
below a minimum. The increase in M was reduced, but not 
necessarily eliminated, when pre-cooling body temperatures 
were high (Experiment III). In this series of experiments 
the increase in M was never equivalent to more than 60% of 
the rumen cooling. The remainder of HW was expressed in a 
decline in body heat content and sensible heat loss. 

Gradients of up to 6°C between the body and rumen core 
were established (Experiment I). The body-rumen temperature 
gradients were dependent on the quantity and rate of cooling 
(Experiments I and II), feeding during cooling (Experiment 
1) and pre-cooling physiological state (Experiments II and 
III). Heat would therefore flow from the body into the 
rumen in response to the reduced temperature in the rumen 
(Experiment I). Only 40 to 60% of the effective cooling of 
the rumen was recovered by the rumen from the body over the 
cooling period (Experiment I). The remainder of the rumen 
heat debt was recovered after cooling at a rate proportional 
to the temperature differential between the body and the 
rumen (Experiment II). The rumen acted as a thermal buffer 
between the animal and the effects of HW. 

The heat of warming has a mass and temperature 
component either or both of which can vary. If the rumen is 
considered as a separate heat pool to the body, then it can 
be shown by theoretical calculation that the associative 


effects of a mass and temperature change should reduce the 
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temperature of the rumen pool /Jess than the single effect of 
the temperature component. This effect was confirmed 
experimentally (Experiment I). It was conciuded that the 
difference in animal response as a consequence of the method 


of cooling was unlikely to be of practical importance. 
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5. EXPERIMENT IV ENERGY EXPENDITURE OF SHEEP EATING TURNIPS 


There is an absence of data for sheep on the energy 
expenditure associated with eating bulky, low dry matter 
feeds such as root crops. Drew (1967) suggested the energy 
expenditure may be high and a limiting factor to the 

_ performance of sheep on these crops. 

Results from Experiment I indicated that the small 
increase in heat production associated with sporadic eating 
during a period of continuous rumen cooling did not 
substitute for a rise in heat production induced by the 
cooling. If the energy expenditure associated with eating 
root crops was high, then a greater potential may exist for 
substitution of the increase in heat production with eating 
for HW. 

Adam et al. (1979) incorporated s/iced turnips as one 
of five feeds in a study on the energy cost of eating in 
cattle, whereas under grazing conditions whole turnips are 
eaten. In severe winter climates such feed crops can freeze 
which could increase the energy expenditure associated with 
eating due to the hardness of the feed and the latent heat 
of fusion. 

Experiment IV was designed to measure the energy 
expenditure associated with eating turnip bulbs in different 
physical forms by sheep and to compare the energy 


expenditure associated with eating turnips with that of more 
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conventional feeds. 


5.0.1 Experimental Methods 

5.0.1.1 Feeds 

Four feed types were incorporated into a 4x4 Latin 
square design using 4 sheep. The feeds were 
ie Whole Turnip Bulbs (WHOLE) 

Whole turnip bulbs of a mean fresh weight of 0.9 
Kg were fed at an internal temperature of 
approximately 5°C. The turnips were fed in a wooden 
trough except during calorimetry trials when they were 
skewered together in a rigid upright position to 
simulate the grazing situation. 

ah: Sliced Turnips (SLICED) 

Turnip bulbs (0.9+0.3 kg fresh weight) were 
manually sliced into pieces with a mean fresh weight 
of 39417 g and fed loose in a wooden trough. 

on Frozen Sliced Turnips (FROZEN) 

Sliced turnips were stored at -8°C for 12 to 24h 

before feeding and fed as in (2). 
4. Concentrate Pellet (RATION A) 
The barley-alfalfa pellet was fed as a control 


feed. 


At the conclusion of the main experiment long hay (LONG 


HAY) (brome grass mixture) was also used as a test feed. 
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5.0.1.2 Animals 

Four 3.5 year old, woolly (8 to 10 cm fleece depth), 
SulfolK-cross, pregnant ewes with 6 fully erupted permanent 
incisors were trained over a two week period to eat all the 
feed types. The mean liveweight of the ewes was 77+3 kg. 
During the training period all ewes were accustomed to, and 
fed in the ventilated hood and associated crate used for the 
calorimetric measurements. 

Following the training period, each ewe was fed each 
test feed for 6 days before measurement of the energy 
expenditure associated with eating. During the pre-feeding 
period the ewes were held in individual 3x2 m pens and fed 
turnips ad lib or Ration A at 1000 g.day~'!. Feed was 
offered once daily at 0900 h. Any feed not consumed was 
removed on the evening prior to a test day. The ewes were 


weighed once per week. 


5.0.1.3 Measurements and Calculations 

On each test day a sheep was fed the test ration at 
0900 and 1500 h. The morning and afternoon trial involved 
the continuous measurement of oxygen consumption before 
- (4x10 min periods), during (1 or 2x10 min periods) and after 
(4x10 min periods)eating. Only the morning measurement was 
made with the LONG HAY. All tests were made at an ambient 
temperature of 21 to 23°C. 

Feed was placed in the hood under an expanded metal 


plate supported by the sides of the hood before each trial 
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began. The sheep did not appear to be excited by the 
presence of the feed. The expanded metal plate was raised 
for feeding and replaced after feeding by a rope to avoid 
opening the hood. 

Air flow rate through the hood was 80 litres.min-' 
which gave a calorimeter response time of 2 min. To 
accommodate the small change in oxygen content of the 
extracted air (0.2 to 0.3 percentage units), a strip chart 
recorder with a variable full-scale voltage was used 
(Honeywell Controls Ltd., Model Electronic 19). The 
recorder was calibrated on the 10 mv scale and switched for 
the measurement period to the 2 mv full scale (15 cm) 
deflection equivalent to 0.8% oxygen. 

Time spent eating was recorded. The sheep could be 
observed without disturbance through a mirror placed in 
front of the hood. Feed eaten was taken as the difference 
in weight of feed placed in the hood and that remaining at 
the end of the test period. 

Oxygen consumption as a result of eating was calculated 
as the increase in oxygen consumption during eating above 
the mean of the two 10 min periods immediately before and 
after eating. Heat produced due to eating (total eating 
cost, KJ) and energy expenditure per min and per g of dry 
matter were calculated for each measurement by dividing the 
total cost of eating by the time spent eating and dry matter 
eaten. 


The results were analysed as a Latin square with feed 
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type, sheep and periods as main fixed effects and morning 
and afternoon measurements as a split plot within the main 
design. The results for LONG HAY were not inciuded in the 


analysis. 


5.0.2 Results and Discussion 

There was no statistically significant difference 
(p<0.05) between the morning and afternoon trials so the 
pooled results are shown in Table 5.1. 

The quantity of RATION A offerred during a test was 
restricted below ad lib intake and was eaten very rapidly so 
the total time spent eating and the dry matter consumed was 
significantly (p<0.05) different from all other feeds. 

On an as fed basis turnips were consumed at 
approximately the same rate per min as RATION A while LONG 
HAY was consumed at one seventh of the rate. However when 
expressed as ary matter consumed per unit time, the turnips 
and hay were consumed at an equivalent rate which was one 
ninth that of RATION A. Similar differences in ingestion 
rate between these feeds consumed by cattle were observed by 
Adam et al. (1979). 

No statistically significant differences were detected 
in any of the expressions of the relative cost of eating the 
various feed types but this may have been associated with 
the large variance of the total energy expenditure 
associated with eating SLICED and FROZEN turnips. When fed 
SLICED or FROZEN turnips, the sheep in some cases tended to 


F ’ 


"y harormeaas nad ove 


, sole | thee se Be. Si iets 289M 


6 ae « 


| <ept CO AID mo} elves" 


no ecvor) G. baa 2ffuees S 
imote efiactialiel2 on 2s anette 

. - er 

MeojIat ee BAS SD nAGR i naewied 1 60;62 
/ 2 <laeTt pt vhecle eos ethuge? Belem 


! — t. 

fb Geatet A Oj 40 Te YI rineup ent a 
~) | _ 

SEM Hs SMe ier Cl D6 wt ed beta aes 


rien vob sit bee gittee Jrede-emts fete = 


a i - : r 
islte- ls fen WsaStto* 160. Gay ct neot Fg! 
- j — 7) 
2. aan } 
“uantosd 29seladrane! 2.762 Bae 26. Gime 
: 4 is 


| HQITAR es hg ase sig Sees ome vi otaaee: Es 


3?nneih. 454 aries V4 Sri? - it aM nOS <€ aw 
7 . 
antd Job teq baie 5o “otver Vb ee beeseng 


iw afS4 inst s? UGS ns fe —s anos s72w a acis 


+1 sqnere ete wei Fmt <4 i, 7 


« 2 
qinw 2) de ie ‘Somuanes hee 
: 7 i 


- np ga5? senate erect init 


Tia 
td e a> +t oy 


ye oy } a dah vie ; a sie 
is cul sane: 


eo ae ee Abéls er £16 Sf 


82 


Table 5.1 Rate of eating and energy expenditure of 
sheep eating five feed types (Experiment IV) 


Feed types 
RATION A Turnip bulbs LONG HAY ! 


WHOLE SLICED FROZEN 


Time spent 


eating (min) 9.6a £5e7D 19.65 21.9b 24%6 
Feed eaten 
as fed (g) 560 730 810 920 160 
dry matter (g) 483a 103b 105b 120b 133 
as fed 
(g.min-1) 64.6 shag 39.0 44.8 Teal 
dry matter 
(g.min-') 56.0a Geo Dob) ome) 2, apt 
Total cost (ku) 9.3a 25D 24.3b aan 46.1 
Cost per min 
(KJ.min-1) 0.99 Papa hS Big dee 2:13 
Cost per kg feed 
eke 247 306 345 410 
Cost per kg bodyweight 
per minute 
(Kueh cmin: |). (to. Pap Boe 16.6 oe ane 
+SEM 2 0.9 or6 0.9 oo £33 
Kg dry matter 
(J&KG? 'ekgit) G320 3470 4360 4710 5560 
+SEM 66 300 1000 1615 840 


1 LONG HAY not part of the main experiment but 
additional data with the same sheep 


2 SEM Standard error of the mean for individual feeds 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 
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play with the slices as if undecided whether to take them 
into their mouths and chew them or to bite off pieces. On 
the other hand,. when eating whole turnips, the sheep were 
generally very actively and fully involved in gouging pieces 
off the whole turnip bulb. This indecision when faced with 
SLICED and FROZEN turnips may have contributed to the high 
variance associated with these treatments. 

A number of trends in the results deserve comment. The 
apparent energy expenditure per unit dry matter associated 
with eating turnips was approximately 10x that of eating 
RATION A but somewhat below (33%) that of LONG HAY. Adam et 
al. (1979) found the energy expenditure associated with 
eating sliced turnips by cattle was 7 times that for RATION 
A but above (60%) that for long hay. 

The energy expenditure associated with eating the 
conventional feeds (RATION A and LONG HAY) are within the 
range recorded by others (Osuji, 1974; Osuji et al., 1975). 
The energy expenditure associated with eating turnips does 
not appear to be any higher than that reported for other low 
dry matter feeds such as cut grass (Graham, 1964a; Osuji et 
al., 1974) or for grazed pasture (Graham, 1964a; Holmes et 
al., 1978). Despite the hard nature of the turnip bulb the 
rate of ingestion (5 to 6 g dry matter.min-') was similar to 
that achieved for cut grass (4 to 7 g DM.min-'). 

No important differences in energy expenditure 
associated with eating turnips in the three different forms 


were measured. However when a comparison between the 
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pattern of oxygen consumption of sheep eating SLICED and 
FROZEN is made (Figure 5.1), the absolute increase in oxygen 
consumption was much greater for the FROZEN turnips. This 
greater increase represented energy expenditure associated 
with eating, plus presumably an increment due to the cooling 
effect of the FROZEN turnips. When FROZEN turnips were 
eaten the cumulative increase in oxygen consumption above 
SLICED (the increase due to heat of warming) was 196% 
greater than the increase in oxygen consumption due to 
eating SLICED turnips. 

In this example the method used to calculate energy 
expenditure associated with eating (the shaded area in 
Figure 5.1) gives similar areas, and thus energy expenditure 
associated with eating, for both SLICED and FROZEN turnips. 
Whether the same conclusion would be reached in other 
situations where both eating and HW are contributing to the 


increase in M during feeding is not Known. 


5.0.3 Summary Experiment IV 

The energy expenditure associated with eating a gram of 
dry matter as turnip bulbs by sheep is seven to ten times 
that associated with eating a concentrate pellet but similar 
to that associated with other bulky feeds such as hay and 
grass. It is unlikely then, that a high cost of eating per 
se is limiting the performance of sheep fed root crops. 
There would appear to be no justification for slicing 


turnips in an attempt to reduce the energy expenditure 
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associated with eating them. Care should be taken in 
interpreting the energy expenditure associated with eating 
in experiments where tne increase in heat production during 
eating could be a function of both eating and warming the 


food. 
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6. EXPERIMENTS V, VI and VII CONSUMPTION OF HIGH 
MOISTURE FEED BY CATTLE 


In Experiments I, II and III rumen cooling treatments were 
allocated in random order on a daily basis. Under field 
conditions, feed may be consumed at a similar temperature 
repeatedly over a period of days or weeks and cumulative 
effects of the heat of warming may develop in the animal. 
The impact of different levels of heat of warming (HW) 
imposed on cattle twice daily for two weeks was examined in 
Experiment \V. 

As cold feed is eaten some cooling might be expected to 
occur in the mouth rather than exclusively in the rumen as 
simulated in Experiments I, II “rats III. The response to 
cooling via the rumen was compared with the consumption of 
cold feed (Experiment VI) and estimates were made in 
Experiment V of the proportion of cooling occurring in the 
mouth. 

The results of field trials indicate that partial 
substitution (20 to 30% of dry matter intake) of a high 
moisture ration with a high dry matter, low quality roughage 
was beneficial to animal performance (see Nicol and Barry, 
1980). In theory such a substitution should reduce energy 
intake and the heat of warming and possibly increase heat 
production from rumen fermentation. Experiment V 


incorporated a treatment in which such a feed substitution 
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was made. If a substitution effect was dependent on 
fermentation heat, then the order in which the two parts of 
the ration were fed might be important. Experiment VII 
addresses this question. 

Cattle were chosen as the experimental species in these 
experiments since comparable data on the effects of HW on 
cattle other than young calves were required and because 


cattle had some technical advantages in these experiments. 
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6.1 Experiment V Responses of cattle fed turnips of 
various temperatures 

Four feeding treatments, incorporating different levels 
of HW were compared in a Latin Square designed study 


involving 4 steers. 


6.1.1 Experimental Methods 
6.1.1.1 Feeding Treatments 
The four treatments were: 
i Warm Turnips (WARM) 

Whole turnip bulbs (15 kg total fresh weight, 
0.9+0.3 kg per bulb) fed at a turnip temperature of 
Alas 

Ph Cold Turnips (COLD) 

Fifteen kg fresh whole turnip bulbs fed at a 

temperature of 2°C. 
oe Turnips plus Hay (TURHAY) 

Whole COLD turnip bulbs fed as 70% of dry matter 
intake with the balance as chopped hay (10 kg fresh 
turnip bulbs and 1 kg hay). The turnips were fed 
first followed immediately by the hay. 

4, Frozen Turnips (FROZEN) 

Fifteen kg sliced turnip bulbs (mean fresh weight 

of pieces 57+18 g) and stored at -8°C for 18 to 24h 


before feeding. 
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All rations were fed twice daily at 0830 and 1700 h. 
The four treatments represented a heat of warming per meal 
of 0.70, 1.54, 2.18 and 6.00 MJ for the WARM, TURHAY, COLD 
and FROZEN treatments respectively. All rations were 


designed to provide the same digestible dry matter intake. 


6.1.1.2 Animals 

Four 2.5 year old cross-bred beef steers (mean 
liveweight 406+5 kg) were rumen fistulated two months prior 
to the experiments by the method of Hecker (1974). The 
steers had been used in previous experiments (Adam et al., 
1979) and were accustomed to eating turnips and to gaseous 
exchange measurements. 

Each experimental period was 14 days but space 
limitations precluded holding more than two steers in the 
10°C environmental room. For days 1 to 7 of each period the 
steers were held in individual 3x3 m pens in a holding 
building where the ambient temperature ranged from 9 to 
15°C. From day 8 to 14 of the period the steers were held 
in metabolic crates in the 10°C room. 

Each steer was fitted with ear, leg and trunk skin and 
an external jugular vein thermocouple on day 8. The cattle 
were weighed on days 8 and 14. Total faecal output was 


collected from day 8 to 13 inclusive. 
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6.1.1.3 Measurements and Analysis 

Feed Treatments 

Measurements were made on each steer on one morning 
(0830 to 1230 h) and one afternoon (1430 to 1730 h) on days 
tOpandt42.coraiteand 43: 

Oxygen consumption (System A), ear, leg and trunk skin 
temperature, rectal and jugular temperature and rumen 
temperature (2 thermocouples through the rumen cannula) were 
measured continuously over a 1 h pre-feeding period, a 1h 
feeding period and 2h (am) or 1h (pm) recovery period. 
Feed was introduced and removed from the hood by a drawer 
without interference to the gaseous exchange measurements. 
Method of Mixtures 

Method of mixtures calorimetry was used to measure the 
temperature of boli collected from the steers, pieces of 


turnip, snow, ice and pseudo turnip (85% ice, 15% turnip dry 


matter). Tared Dewar flasks (500ml) of Known heat capacity 
(80 to 90 U.°C-1) containing a Known weight of water (+1 g) 
of a Known temperature (+0.1 °C, Bailey Instruments Inc., 


Model BAT 8) were used. The unknown mass at unknown 
temperature was added to the flask and the flask plus 
contents reweighed. The equilibrium temperature of the 
mixture was recorded. 
Bolus Size and Temperature 

During days 10 to 13 inclusive of each experimental 
period and when the measurements associated with feed 


consumption were not being made, the following additional 
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data were gathered. The rumen of each steer while on the 
WARM, COLD and FROZEN treatments was emptied prior to the 
morning feeding (15 h post-feeding) and the contents 
weighed. The steer was then fed and two boli were caught on 
separate occasions in a gloved hand at the cardia. Each 
bolus was immediately transferred to a tared, 500 ml Dewar 
flask to measure the mean temperature of the bolus as it 
reached the rumen. 

The bolus:water mixture was dried (24 h at 70°C) to 
give the total dry matter in the bolus. The dry matter 
percentage of the turnip before feeding was known (13%) and 
thus the contribution of fresh turnip and saliva to total 
bolus weight was calculated. The heat gained by the bolus 
before reaching the rumen was calculated by assuming that 
saliva was secreted at body temperature. 

Statistical Analysis 

Statistical analysis was as a 4x4 Latin square with 
feed treatments, steers and periods as main fixed sources of 
variance. The am and pm comparison was treated as a 
split-plot within the main experiment and the hourly time 


periods as a further split. 


6.1.2 Results and Discussion 
6.1.2.1 Change in turnip temperature during eating 
The temperature of the WARM turnips fell by 3.5°C and 


that of the COLD turnips increased by 3.3°C as they lay in 
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the trough over the 1 h eating period. About 50% of the 
increase in temperature of the COLD turnips could be 
attributed to the presence of the steer, presumably due to 
exhaled warm air. The temperature at which the turnips were 
actually consumed was adjusted for this change before 
calculating the heat of warming. The FROZEN turnips 


remained frozen during the eating period. 


6.1.2.2 "Effective" temperature of turnips 

The temperature of the turnips calculated from the 
calorimetic method of mixtures has been defined as the 
"effective" temperature (ET). ET is the temperature of the 
frozen turnips with no consideration of the latent heat of 
fusion, simply the change in heat content of the Dewar flask 
by adding the turnips to the water expressed per g of 
turnip. ET temperatures and the equivalent probed 
temperature for calorimetric runs on turnips at a range of 
temperatures are shown in Figure 6.1. Probed temperature 
was measured by a copper-constantan thermocouple or platinum 
resistance thermometer probe pushed into the turnip. 

At temperatures above 0°C the probed turnip temperature 
and the temperature calculated by the method of mixtures 
were similar and validate the use of a specific heat of 
approximately 1.0 for fresh turnips. Below 0°C, snow, ice 
and a pseudo turnip of 85% ice and 15% dried turnip gave 
‘effective’ temperatures close to theoretical values. 


Frozen turnips exhibited a progressive crystallisation; an 
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Figure 6.1 Relationship of effective turnip temperature with 
probed turnip temperature (Experiment V) 


(solid line above 0°C; broken line below 0°C) 
Tests with snow, ice and pseudo-turnip (85% ice, 


15% turnip dry matter) are also shown 
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effect of the soluble plant components (Fennema et al., 

1973) with approximately 50% crystal formation at 0°C and 
maximum crystallisation predicted to occur at -11°C. The 
frozen turnips were physically harder (more difficult to 


break) at. -8:C than at 0°C. 


6.1.2.3 Feed Intake and Heat of Warming Achieved during 
Calorimetric Trials 

When steers were not involved in a calorimetric 
measurement all feed offerred was consumed. During 
measurement trials feed was removed at the end of Period II 
and some variation in intake occurred between treatments due 
to steers not finishing the ration within the one hour 
feeding period (Table 6.1). The rate of eating turnips was 
similar to that observed by Adam et al. (1979) and showed 
that cattle as well as sheep (Experiment IV) consumed whole, 
sliced, fresh or frozen turnips at similar rates. The mean 
percentage dry matter digestibility of the turnip bulbs was 
86.6+1.1% and was not significantly influenced by the 
temperature of the turnips. The percentage dry matter 
digestibility of the mixed ration was 76.3+0.9%. The mean 
pre-feeding rumen volume of steers on complete turnip 
rations was 30.4+2.4 litres which was not influenced by the 


temperature of the turnips. 


6.1.2.4 Warming in the Mouth 


The weight and temperature of the boli collected from 
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Table 6.1 Feed intake and heat of warming achieved during 
trials with steers (Experiment V) 


Feeding treatment 


WARM TURHAY COLD FROZEN 


Feed consumed (fresh wt) 


turnips (kg) 12.6 10.0 12.9 132 
hay (kg) . 1.0 - 
Digestible dry matter 
intake (kg) 
on test day ! east, 1.63 1.42 1.45 
on full intake ios 1253 pedets. 65 
Rate of eating (g dry matter.min-!) 
turnips 210 220 215 220 
hay = 67 - = 
Turnip temperature (°C) 26F7 ard 204 oY ie 
+SEM De ey. G2 52 Ooo 
Heat of warming (Mu) 
on test day G62 54 1.96 Sr 
on full intake 0.70 1.54 2 miha 6.00 


Cooling per DDMI 2 
(MJ.kKg DDMI) Gog 0.94 Hioare Pd Cua t 


Dry matter digestibility of turnips = 86.6+1.1% (see text) 
mixed ration = 76.341.0% 


Body temperature = 38.5°C, Effective temperature 
of frozen turnips = -57°C 


1 on test day = mean feed intake during calorimetric runs 
on full intake = feed intake as designed 


2 DDMI = Digestible dry matter intake 
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the steers as they consumed turnips at various temperatures 

is shown in Table 6.2. 

Table 6.2 The temperature, weight and saliva content of 
boli from steers consuming turnips of various 
temperatures (Experiment V) 

Turnip temperature 


WARM COLD FROZEN +SEM 


Temperature (°C) 
turnips as fed winda.. 20D ia pare. 0.19 
bolus in rumen |! 2oesa B6a50I25 187 3c OFi4 
turnip in rumen ! eds eco. ne OSC Od 
Wt. of bolus (g) (pe. 86 98 8 
Saliva in bolus 
*% by weight 44.8 42.5 49.2 3.9 


| Effective temperature as calculated from the 
calorimetric method described in methods. 


2 Equivalent effective temperature -65°C 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 


Calculations from these data show that 6.4 and 10.6% of 
the total heat required to warm the turnips to body 
temperature had been contributed before the rumen in the 
COLD and FROZEN turnips respectively. With WARM turnips, a 
heat loss equivalent to 1% of the total heat content of the 
bolus occurred in the mouth and oesophagus. Since the WARM 
turnips were fed at 17°C above Ta, heat could be lost to the 
environment as chewing took place. If correction is made 
for the apparent heat loss in the mouth then 12.2 and 18.4% 


of the total heat of warming could be attributed to the 
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mouth with COLD and FROZEN treatments respectively. 

With a rate of eating of 216 g.min~' and mean weight of 
turnip in a bolus of 46 g, 4.7 boli would be swallowed each 
minute. For the COLD and FROZEN turnip boli it was 
estimated that 44 and 146 W respectively entered a bolus 
while in the mouth. This rate of heat flow is equivalent to 
7 and 28% of the total heat production of the steers. 

A particle size distribution analysis of boli collected 
from the steers indicated that about 33% of the total bolus 
dry matter consisted of turnip pieces with a dry weight of 
over 1g. The relatively large size of the turnip pieces 
presumably results in a small surface area per unit mass 
which may reduce the rate of heat transfer to the bolus both 
in the mouth and in the rumen. If the turnips were chewed 
into smaller particles, such as would accur with fresh 
forage a faster dissipation of the cooling might occur and 
rumen temperature might have fallen to a greater extent. 

The large size of the pieces may also have implications to 
rate of fermentation and rumen turnover as indices of 


ruminal digestion. 


6.1.2.5 Body and Rumen Temperatures 

Feeding treatment significantly influenced rectal, 
jugular, ear skin and rumen core temperature (Table 6.3). 
The lowest level of HW (0.62 MJ per meal) with the WARM 
turnips was insufficient to markedly reduce the rise in body 


temperature associated with eating in cattle (Ingram and 
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Table 6.3 Heat of warming treatment by period interaction 


means for rectal, 


Rectal temperature (°C) 


WARM 38 . dae 
TURHAY 38 . Jae 
COLD 38 . 6af 
FROZEN 38. 3aef 


Period 


I] 


37 . 8bF 


Jugular temperature (°C) 


WARM 37. 7aef 
TURHAY 37 .3ae 
COLD 38. 2ag 
FROZEN 37 .9afg 


38. 
37 .4ae 
ac. 
2/0. 


Ear skin temperature (°C) 


WARM Zlemae 
TURHAY 21.6ae 
COLD 32 4/ae 
FROZEN 28. 4ae 


Mean body temperature (°C) 


WARM 34.1ae 
TURHAY 34.6ae 
COLD 34, 8ae 
FROZEN 35.1ae 


Rumen core temperature 


WARM 38 .2ae 
TURHAY 38. 2abe 
COLD 38.9ae 
FROZEN 38. 3ae 
a OsCla 
e,f,g,h 


34.2ae 
34.2ae 
34.7ae 
34.2abe 


(°C) 


38 .6ae 
a7 UCe 
36. 6bf 
31.4cg 


.5ae 
, 2aef 


Oaf 


.5ae 


8be 


. 2abe 
. 1bce 
.2ae 
.A4bF 


IV 


.6be 
. 4ae 
. 3ae 
. lat 


jugular, ear skin, mean body 
and rumen core temperature (Experiment V) 


+SEM 


O75 


means in rows followed by the same letter are 
not significantly different (p<0.05) 

means in columns followed by the same letter are 
not significantly different (p<0.05) 
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Whittow, 1962). The intermediate levels of HW (TURHAY and 
COLD treatments) caused body temperatures to decline but 
recovery was complete by Period IV. A large decline in body 
temperatures occurred when FROZEN turnips were consumed and 
little recovery had taken place two hours after cooling 
stopped. 

Rumen temperature was significantly (p<0.05) higher by 
0.6°C before feeding in the afternoon than before feeding in 
the morning. Rectal and jugular temperature also showed 
this trend (0.2 and 0.1°C respectively) but these slightly 
higher temperatures did not appear to reduce the impact of 
HW in the afternoon. There was no interaction between feed 
treatment and am or pm measurements, indicating no 
differential carry-over effect from the morning and 
afternoon measurements. 

Pre-cooling body temperatures in the morning were not 
obviously influenced by the previous 10 days of differential 
HW treatment. There was no particular evidence that the 
TURHAY (turnips plus hay) induced any less of a decline in 
body or rumen temperatures than the level of HW involved 


would suggest. 


6.1.2.6 Oxygen Consumption 

Oxygen consumption during Periods II and III was 
significantly (p<0.05) above the other treatments for FROZEN 
turnips, but only in Period II for the COLD treatment (Table 
6.4). In the latter part of Period II and for about half of 
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Table 6.4 Heat of warming treatment by period interaction 
means for oxygen consumption (litres.min-') 
(Experiment V) 


Period 


I I] 1 IV 


WARM 1.21ae 1.70be 1. 49abe 1. 36abe 
TURHAY 1.27ae 1.76be 1. 48abe 1.50abe 
COLD 1.30ae 1.83be 1. 66abef 1.58abe 
FROZEN 1.30ae Poe ook 2.09bf 1.57ae 


a,D,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 

€,f,g,)h means in columns followed by the same letter are 
not significantly different (p<0.05) 


Table 6.5 Heat production of steers relative to the heat 
of warming (Experiment V) 


Feed Treatment 


WARM TURHAY COLD FROZEN 


Heat of warming (Mu) 
total HW per meal 0.62 1.54 1.96 oy af 
(1 hour ) 


Heat production (Mu) 
total M during the 
feeding hour 21% 2.20 one5 2205 


increase in M 
during feeding 
over Period I 0.59 Ue5G OLG7 124 
cumulative increase 
in M over 3h 
(Periods II, III, IV) latte 4.14 1.43 2.48 
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Period III steers on the FROZEN treatment shivered. In most 
cases shivering did not stop the steers eating. 

A slight trend existed towards higher pre-feeding 
oxygen consumption in the morning for steers on the FROZEN 
turnips (FROZEN treatment 7% above WARM). However, when am 
and pm pre-feeding data were combined this trend was no 
longer evident. Combined am and pm pre-cooling oxygen 
consumption was 1.30, 1.33, 1.28 and 1.31 litres.min-‘! for 
the WARM, TURHAY, COLD and FROZEN treatments respectively. 
Thus even with a continuous period (10 to 13 days) of 
different levels of HW, any increase in M induced by the 
cooling was temporary over the feeding period and 2 to 3 
hours post-feeding. 

The heat production of the steers over the feeding 
period and the accumulated increase in M over pre-cooling 
levels for the time after cooling relative to HW is shown in 
Table 6.5 . Oxygen consumption showed an increase over 
pre-feeding values of 38, 37, 48 and 84% during feeding 
(Period II) for the WARM, TURHAY, COLD and FROZEN treatments 
respectively. The increase of 0.59 to 0.67 MJ could be 
accounted for solely by the energy expenditure associated 
with eating turnips (Adam et al., 1979). The increase in M 
during feeding was equivalent to 95, 35, 34 and 23% of the 
total HW in the WARM, TURHAY, COLD and FROZEN treatments. 

Oxygen consumption over the measured 7 h (am plus pm) 
was extrapolated to 24 h total oxygen consumption using 


values of 1.31, 1.34, 1.36 and 1.36 litres.min-' (the 
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weighted mean of a progressive decline from post-feeding 
afternoon to pre-feeding morning oxygen consumption) for the 
13 h period following the pm treatment through to the am 
pre-feeding period. Daily heat production was calculated 
from oxygen consumption to be 39.1, 40.0, 40.5, and 43.1 Md 
for the WARM, TURHAY, COLD and FROZEN respectively. The 
increase in daily M over WARM was 2.8, 3.6 and 10.4% for the 
TURHAY, COLD and FROZEN treatments. While these differences 
are not large, they are similar to differences in daily 
energy expenditure associated with consuming feeds of 
different physical forms, a topic which has received 
considerable research effort compared with the cost of 
warming the feed. 

At the higher levels of HW, much of the HW is 
unaccounted for by an increase in M and is absorbed as a 
decline in H and HC. This conclusion is similar to earlier 
work in this series (Experiments I, II and III) and to the 


studies of Holmes (1970, 1971b). 
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6.2 Experiment VI Comparison of cooling by the mouth or 
the rumen 

Experiment VI compared the effects of the same quantity 
and rate of HW caused either by eating cold turnips or 


predominantly by cooling the rumen. 


6.2.1 Design and Measurements 

The experiment was made on steers receiving the COLD 
treatment in Experiment V. On a morning prior to, or 
afternoon following a measurement in Experiment V the steers 
were offered 15.0 kg of WARM turnips and the rumen was 
cooled by 1.4 MJ using the rumen cooling coil, giving a 
total cooling equivalent to the consumption of COLD turnips. 
Approximately 70% of the cooling was via the rumen cooling 
coil and the remainder from feed consumed. A comparison of 
the results obtained from the two sites of cooling was made 
using the same measurements as in Experiment V. The data 
were analysed by analysis of variance of the randomised 
split plot design with all interactions with steers used as 


the error variance. 


6.2.2 Results and Discussion 

The only significant difference measured between the 
two sites of cooling was a lower rumen temperature when the 
coil was used (Table 6.6). Tru was lower in Periods II, III 


and IV. 
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Table 6.6 Mouth vs rumen cooling treatment by period 
interaction means for rumen temperature (°C) 
(Experiment VI) 


Period 
I Il Pht IV 
TouRNn OSes lac) 39.2ae 36.7ce 38.2be 39. 4ae 
Turnips (26.7°C) 
plus 39.0ae s5eacr 37 20Rh 38. 6af 
1.4 MJ cooling 
(by COIL) 


a,bD,cC,ad means in rows followed by the same letter are 
not significantly different (p<0.05) 

€,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 


Due to the presence of the coil in the rumen, turnip 
intake was reduced from 12.9 to 9.6 Kg per meal presumably 
due to bulk limitation to intake (see Baile and Forbes, 
1974). A calculation similar to that when the COIL and 
INFUSION methods of cooling were compared in Experiment I, 
but using bolus temperatures and saliva:turnip ratios from 
Experiment V was made. Due to the difference in turnip 
intake, a 1.7°C difference could be anticipated between 
treatments with the rumen cooling showing the lower 
temperature. A part of the additional 1.7°C drop in Tru was 
because the supplementary cooling by the coil was designed 
on a basis of the COLD turnip intake and thus the total 
cooling by coil plus WARM turnips was too high (6%) for the 


lower turnip intake. 
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On the basis of the relatively small percentage of the 
heat of warming which occurred in the mouth (Experiment V) 
and the lack of important differences between the HW by 
mouth or rumen in this experiment, rumen cooling would 


appear to be an acceptable experimental model for studies on 


the heat of warming. 
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6.3 Experiment VII Turnips fed before or after hay 
The order in which a mixed ration of 10 kg COLD and 1 


Kg of chopped hay was fed was compared in this Experiment. 


6.3.1 Experimental Design and Measurements 

The experiment was made on steers during the TURHAY 
treatment in Experiment V. On a morning prior to, or 
afternoon following, a trial on the TURHAY treatment the 
steers were fed hay prior to turnips, whereas in a TURHAY 
measurement turnips were fed first. A comparison of the 
influence of order of feeding the two feeds on changes in 
body temperatures, rumen temperature and oxygen consumption 
was made. Similar measurements were made as in Experiment V 


and the data were analysed as for Experiment VI. 


6.3.2 Results and Discussion 

By feeding turnips before hay, rumen temperature was 
lower in Period II (Table 6.7) than if hay was fed first. 
This interaction is shown more explicitly in Figure 6.2. 
The difference due to the order of feeding on rumen 
temperature was an alteration in phase of the time course 
change in rumen temperature rather than a marked influence 
on the amplitude of the change. There was no other 
significant effect of order of feeding. 

There is little evidence from this experiment that the 


order of feeding the high moisture feed in a mixed ration 
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Table 6.7 Order of feeding treatment by period 
interaction means for rumen core 
temperature (°C) (Experiment VII) 
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Period 
I I] Did IV +SEM 
TURNIPS 
before HAY 38 .6ae 37.5be 38.4ae 39.2ce 
G14 
HAY before 
TURNIPS 38.7ae 38. 2af 38.2ae 39.0be 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 


€,f,g,h means in columns followed by the same letter are 


not significantly different (p<0.05) 


has any important effect on the response to the cooling. 


6.4 General Discussion Experiments V, VI and VII 


6.4.0.1 Heat and Mass Tranfers during Eating 


From data collected in Experiments V, VI and VII it was 


possible to estimate on a theoretical basis the various heat 


and mass transfers that took place during feeding. A number 


of assumptions are necessary but the conclusions give an 
indication of the relative importance of the various heat 
and mass transfers. 


The following data from Experiment V were used. 
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The mass and temperature of the feed consumed by 
steers during the calorimetric runs. 

Tne mass and temperature of the rumen contents, before 
and after the morning feeding period. 

The computed mean body temperature of the steers 
before and after feeding (as described in General 
Methods). 

The mass of saliva leaving the body and entering the 
rumen, estimated from the saliva:turnip ratios in the 
boli collected. Since feeding was continuous over the 
eating period, it was assumed that all saliva entering 
the rumen was associated with boli. 

The heat production of the steers before and during 
feeding. 

Heat flows from the body to the mouth, extrapolated 


from the results with individual boli. 


The following assumptions were made: 

Before the morning feeding, thermal equilibrium 
existed between the rumen and the body and between the 
body and the environment, eg. Tr = Tru and M = H. 
Mass lost from the rumen during feeding was equal to 
the pre-feeding mass of the rumen contents plus 
additional saliva and feed, less the mass of the rumen 
contents at the end of the feeding period. No 


distinction was made between the mass leaving as 
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digesta or as water efflux across the rumen wall. 

a The mass leaving the rumen pool did so at the mean 
temperature of the rumen contents and that this mass 
would equilibrate with body temperature. 

4, That evaporative (E) heat loss was minimal (17 W.m-2 
Blaxter and Wainman, 1961) and the mass loss 
associated with E (120 g.h~-') was insignificant in the 
mass transfers involved and could be ignored. 

ap The mass loss from the body as urine and faeces would 
not be greater than 1% body weight.h-1! which would 
have little impact on the calculation of body heat 


content. 


The total heat gained or lost by the rumen was 
calculated. Heat flows were calculated from a base of 0°C. 
By reference to the temperature gradient between the body 
core and the rumen, the change in rumen heat content was 
mathematically apportioned to heat produced in the rumen 
from fermentation and that transferred with the body. 
Finally, since the change in total body heat content was 
estimated from the change in mean body temperature, some 
indication of change in heat loss to the environment could 
be made. The model proposed for this analysis is shown in 
Figure 6.3. 

The results of such a heat transfer balance for the 


steers in Experiment V is shown in Table 6.8 for the am 
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Steady State 
Pre-Feeding 


Rumen Heat Content 
= Body Heat Content 


(2) During Feeding 


WT, eae 


x M4 = Heat Transfer Between Body and Rumen 
7 


Outflow (Rumen) 
Kiva, Le 2 


(3) Post-Feeding 


= Heat Content of Rumen Post-Feeding 


—— Mass + Heat Flow 
ay Heat Flow 


Figure 6.3 Mass and heat transfers between the body, the 
rumen and the environment during feeding 
(Experiment V) 
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feeding measurements. Changes in mass have been omitted 

from the table because no major net change in body mass 

occurred. Loss in body mass to the rumen as saliva (10 to 

11 kg) was almost equal to the gain in mass moving from the 

rumen during feeding which was calculated as 10 kg based on 

before and after feeding rumen volumes. The following 
points may be noted: - 

ly Unless rumen temperature decreased by more than 5°C 
during cooling/feeding, the net gain in heat by the 
rumen from saliva was offset by the loss in heat 
through rumen contents moving out of the rumen to the 
body . 

2 Heat flow from the body to the mouth was smal] 
relative to other heat flows except for the FROZEN 
treatment where it was 0.53 Mu. 

Sip Heat released in the rumen during the feeding hour was 
greater than the heat flow from the body to the rumen 
in all but the FROZEN treatment. The 0.80 MJ of heat 
generated in the rumen represented the heat gained by 
the rumen from fermentation if there had been no 
temperature differential between rumen and rectal 
temperatures and represented approximately 3.5% of the 
digestible energy intake over the feeding period. 

4, Heat flow into the rumen of greater than about 0.50 Md 
over the one hour feeding period stimulated an 
increase in M. 


ai Change in body heat content over the feeding period 
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represented heat storage in the WARM treatment, but 
loss of heat from the body equal to 40, 33 and 26% of 
the total HW in the TURHAY, COLD and FROZEN 
treatments. 

6. The balance predicted an increase in H over the 
cooling period in the WARM and TURHAY treatments. 
Although in the WARM treatment, mean skin temperature 
did rise above pre-cooling values after cooling, a 
slight drop occurred during feeding/cooling. Thus 
unless evaporative heat loss increased during 
feeding/cooling the model under-estimated heat flow 
from the body. The predicted H of the FROZEN 
treatment of 1.27 MJ per hour is similar to the 
fasting heat production of 1.24 MJ which was 
calculated for these steers from a mean literature 


value of 70 W.m-2 (Thompson, 1973). 


6.5 Summary Experiments V, VI and VII 

Rumen cooling appeared to be an acceptable alternative 
to the eating of cold feed in the study of the effects of HW 
within certain limits imposed by the relative volumes of the 
rumen and the food. This conclusion was based on the smal] 
percentage of the warming (<20%) which occurred before the 
rumen and from a direct comparison in which HW was provided 
either via the mouth or predominately through the rumen 
which showed little important difference between the two 


sites of cooling. 
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Any increase in metabolic rate which occurred in 
response to HW appeared to be only temporary over the latter 
stages of feeding and for the ensuing 1 to 2 hours. No 
evidence of a change in basal (15 h post-feeding) metabolic 
rate was detected. 

The substitution of part of a high moisture feed by a 
high dry matter but lower digestibility feed did not 
influence the effect of HW in any obvious way other than 
would be expected from the decrease in HW due to the 
substitution. 

A model using data obtained in these experiments showed 
heat flow into the rumen from the body in response to a 
reduction in rumen temperature by consuming cold feed could 
be large and equivalent to >60% of the pre-cooling heat loss 
to the environment. The increase in metabolic rate was 
insufficient to cover this heat flow into the rumen and a 
heat debt occurred in the body heat content. In this 
experiment the body heat debt was fully recovered six hours 


after the cooling took place. 
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7. EXPERIMENTS VIII and IX ENERGY BALANCE STUDIES AND THE 
HEAT OF WARMING 


Results from the previous experiments indicated that effects 
of the heat of warming (HW) on animals were dependent not 
only on the level of HW (Experiment I and V) but also on the 
level of feed intake (Experiment III). It is possible that 
over a wide range of energy intake and HW that an 
interaction may exist between feed intake and HW. 

Although no important carry-over influence of the 
effects of HW from one feeding period to another occurred 
when feeding periods were 6 h apart (Experiment V), the 
effects of HW were persistent for at least two hours after 
rumen cooling/feeding (Experiments I and III). Mare 
frequent feeding and cooling are likely to occur under 
natural grazing of high moisture feeds. 

Extrapolation from short-term measurements (Experiment 
V, 4 h duration) conducted at one feed intake indicated that 
any increase in M due to HW was small on a daily basis. 
However, complete energy balance studies should permit 
better interpretation of such increases in M in terms of 
energy retention and possible changes induced by HW in the 
nutritive value of a feed. 

Experiments VIII and IX were designed to examine 
longer-term (2 week) effects of various combinations of HW 


and feed intake. 
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7.1 Experiment VIII Energy balance of young sheep at five 
levels of energy intake and five levels of the heat of 
warming 

Experiment VIII was designed to incorporate a wide 
range of HW and energy intake (IE) in an energy balance 
trial with frequently fed young sheep. The objective was to 
identify any important interactions between HW and feeding 
level which might require further analysis and to determine 
whether high levels of moisture and/or cooling had an effect 
on chemical or heat energy losses from the body. 

This Experiment approached HW more from a nutritional 
(or daily energy balance) standpoint, rather than as a 
physiological study as had been the approach in earlier 
experiments. 

Five levels of energy intake, each fed at five levels 
of ruminal cooling (HW) were incorporated into a Greco-Latin 


square involving five lambs. 


7.1.1 Experimental Methods 

7.1.1.1 Animals 

Five Suffolk cross-bred, 6 month old wether lambs of a 
mean liveweight of 34.8+1.0 kg and with a fleece depth of 5 
to 6 cm were selected. Two weeks before the experiment 
began the lambs were fitted with an intra-ruminal infusion 
tube. These tubes were fitted into the sheep at the normal 
site for a rumen fistula (Hecker, 1974) under local 


anaesthesia (procaine hydrochloride, Novocain, Winthrob 
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Laboratory). Following a 2 cm cutaneous incision, the 
subcutaneous muscle layers were penetrated by blunt 
dissection and the rumen epithelium was drawn up to the skin 
and sutured in three places. A PVC catheter (Canlab Ltd., 
laboratory grade) was inserted into the rumen through a 13 
gauge needle and secured with a purse-string suture. A 
small (3 mm) permanent fistula was established in four out 
of five cases by this technique. In the fifth lamb the 
resulting fistula was larger and leakage of rumen fluid 
occurred and a 1 cm rubber cannula was inserted. Small 
fistulae were considered preferable in this experiment to 
minimise the possibility of heat loss from the rumen. 

The lambs were accustomed to the experimental schedule 


before the experiment began. 


7.1.1.2 Feed Intake and Heat of Warming Treatments 
During the five 21 day periods, each lamb experienced 
one combination of each level of energy intake and ruminal 


cooling as shown in Table 7.1. 


7.1.1.3 Levels of energy intake and heat of warming 

A concentrate barley alfalfa pellet (Ration A) was fed 
at five levels, 20, 35, 55, 80 and 110 g air dry feed.kg 
LW-°75 day-1. Intake levels were calculated individually 
for each lamb from liveweight on day 1 of each period. 

The daily ration was fed in 6 equal portions at 3 


hourly intervals from 0830 h by a mechanical automated 
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Table 7.1  Greco-Latin square design (Experiment VIII) 


Period 
I I] Li] IV V 

Lamb 14 Tra! 35 110 20 80 355 

HW COLD HOT DRY WARM COOL 
Lamb 20 IE 110 80 5 20 35 

HW COOL COLD WARM HOT DRY 
Lamb 38 IE 20 55 110 35 80 

HW WARM DRY COLD COOL HOT 
Lamb 41 IE o5 ha, 80 110 20 

HW HOT WARM COOL DRY COLD 
Lamb 42 LE 80 20 35 ah" 110 

HW DRY COOL HOT COLD WARM 


' IE = Levels of energy intake 
20, 35, 55, 80,110 g fresh feed.kg LW-°75 day™! 


HW = Heat of Warming treatments, water infused 


att Cre dent 224 ore 38.G+-for. COLD ,2COOk, 
WARM and HOT or fed dry (DRY) 


feeder which deposited each meal in the feed box over 
approximately seven minutes. 

The ruminal cooling (HW) treatments were by rumen 
infusions of tap water. The quantity of water infused was 
equivalent to feeding a 10% dry matter ration The 
temperature of the infusate was 38.0, 22.0, 12.0 or 2.0°C, 
designated HOT, WARM, COOL and COLD treatments respectively. 


For the fifth HW treatment the ration was fed with no 
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supplementary water infusion (DRY). 

Infusions were made by a finger pump (Harvard Apparatus 
Co., Infusion-Withdrawal Pump, Model 955) over 6x1 h periods 
at 2 h intervals beginning at 0830 h. The various infusion 
rates were achieved by altering the rate of delivery of the 
pump and by the diameter of the delivery tubes (Technicon 
Autoanalyser tubing). The infusions were maintained at the 
desired temperature at entry to the rumen by insulated 


catheter covers (see Experiment 1). 


7.1.1.4 Measurements 

Feed and water intake, faecal and urine output and 
liveweight 

During each period, days 1 to 10 were allowed for 
adjustment from the previous intake and HW treatments. 
Daily faecal and urine collections were made from day 11 to 
20. Fresh faecal weight was recorded and a sub-sample dried 
(48 h at 70°C) for subsequent dry matter and intake energy 
determinations. Urine was collected under acidic conditions 
(80 ml 3 M hydrochloric acid). Urine volume was recorded 
daily and an aliquat bulked over the i0 day collection 
period for subsequent energy and nitrogen analysis. Feed 
residue which only occurred on the 80 and 110 intakes was 
recorded daily as was the volume of any residual infusate. 
Drinking water intake, corrected for evaporation was 
recorded over five days from day 11. Energy content of 


feed, faeces and urine was measured by standard bomb 
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calorimetry (Parr Adiabatic Calorimeter, Model 1241) and 
nitrogen content of the urine was determined by the Kjeldahl 
procedure (AOAC, 1965). 

On day 21 of each period all lambs were fed at the 55 
intake level and received the COOL ruminal infusion 
treatment to reduce variation in gut fill before weighing 
the following day. 

Respiratory Gaseous Exchange 

Oxygen consumption was measured continuously for 23 h 
beginning at 0830 h on two occasions 2 days apart during 
days 16 to 20 inclusive of each period. System A was used 
for one of the measurements and System B for the other 
measurement on the same lamb, except in Period I when system 
A was used for all measurements. When system A was used, 
carbon dioxide and methane production was also measured. A 
malfunction of the methane analyser prevented measurement of 
methane production in Periods II and III. Air flow through 
the ventilated hoods was 30 to 60 litres.min-' STP, the 
lower rates being used with the lower feed intakes. 

At the conciusion of the above treatments four of the 
lambs were fasted for four days and oxygen consumption was 
measured for two periods of 30 minutes one hour apart 
(Fasting Heat Production, FHP). The lambs were then shorn 
(1.2340.34 kg wool) and weighed. 

Standing-Lying Behaviour 
During early periods of the experiment subjective 


observation revealed that standing-lying behaviour might be 
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modified while the lambs were in the hood. Consequently 
standing and lying time was monitored continuously for 23 h 
over days 16 to 20 during the latter three periods of the 
Experiment. A light string round the trunk of each lamb was 
flexibly attached to a micro-switch mounted above the 
metabolic crate and an event recorder (Esterline Angus Co.) 
recorded the duration of lying and standing. The total 
standing time over 23 h on days prior to, during and after 
enclosure in the hood was calculated. 
Body temperature measurements 

Rectal, ear and trunk skin and rumen core temperature 
and the temperature of the rumen infusate were recorded 
simultaneously on all lambs for 23 h continuously from 1700 
h on day 13. Where more than three consecutive 30 min 
temperature records were not available the daily mean 
temperature was calculated as a weighed mean. The weighting 
factor for each half hour period was calculated from all 
complete data for each body temperature. 
Statistical analysis 

The standing-lying data which was not complete for al] 
treatment combinations was analysed by a least squares 
analyses of variance for unequal numbers. All other data 
were statistically analysed as a Latin square with feed 
intake, HW treatment, sheep and periods as the main fixed 


sources of variance giving 8 df for error. 
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7.1.2 Results and Discussion 

7.1.2.1 Feed Intakes and Heat of Warming Achieved 

The actual mean daily feed intakes achieved were 20.3, 
35.2, 54.8, 74.8 and 98.4 g fresh feed.kg LW-°75.day-1 for 
the designed 20, 35, 55, 80 and 110 feed intakes 
respectively. At the two higher feeding levels small feed 
refusals were occasionally recorded. Feed consumed was 
calculated on the basis of the mean liveweight during the 
period but feed offered in each period was based on the 
liveweight of each lamb at the beginning of each period. 
Thus at higher feeding levels where the lambs gained weight, 
feed consumed was slightly below the designed intake. 

With the DRY treatment sheep drank 0.47 litres water 
per day at the 20 intake level and water intake rose to 3.56 
litres at the 110 intake level. Drinking water contributed 
up to 85% of HW in the DRY treatment. The greatest 
contribution (24%) of food to HW was with the 38°C infusion 
treatment. In all other treatments the main source of HW 
was from the infused water. 

The total daily HW per lamb per 24 h for each intake 
level and infusion temperature is shown in Table 7.2. HW 
per day ranged from 0.04 Mu at the 20-HOT treatment to 2.08 
MJ for the 110-COLD treatment which is a 52 fold range. HW 
per unit of digestible energy (DE) intake was relatively 
constant across intake levels but increased 10 times from 


the HOT infusion treatment to the COLD infusion. 
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Table 7.2 Total heat of warming (MJU.day~1)for each 
combination of energy intake and infusion 
temperature (Experiment VIII) 


Infusion 
temperature Feed intake (g.kg LW-°%75.day-1) 
Design Actual 20 35 ae 80 110 HW/DE ' 
385 A. 4 eva Ole 0.07 800.13 NSI2 924,.8 
Ei 
DRY DRY OOO 13-05-26 — 0-1-7—-0-46 2243-0 
22.0 208 Gatier0e29s0 $58 16734 OC99 56+2 
veg bod. 
12.0 tia (eam 0205 5°0.91'.cG595. 01756 8723 
=O 85 
2.0 265 Osope One ofl.02. 70850: (2805 11923 
+O OF 
HW/DE 56 58 59 56 65 SEM = +10 
1 HW = Heat of Warming (kKuU.day~') 
DE = Digestible energy intake (MJ.day~-') 


7.1.2.2 Digestibility of Dry Matter and Gross Energy 
Digestible dry matter (DDM) and digestible energy 
coefficients for each intake and HW combination are shown in 
Table 7.3. There was a significant difference in both 
digestibilty coefficients due to intake level. An 
orthogonal comparison indicated a high linear component in 
the feed intake ereatment variance. The simple regression 
equation of digestible energy (DE) on intake energy (IE) was 
Nee Oe Umm OOO. £0 009) Kei ince oon seers anes (7) 
Recs 0.60, RSE = 20-021 MuyDE. Mua IEs? 


where Y = digestible energy intake per unit of intake energy 
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Table 7.3 Digestible dry matter and digestible energy 
coefficients for five feed intakes and 5 
levels of heat of warming (Experiment VIII) 


Feed intake treatment 
HW SS HW 
treatment 20 ao oo 80 110 mean 


Dry matter digestibility (g DDM.g DM-') 


HOT ey ee OF 155 Ty gee 0.693 0.708 Onioo 
DRY 0.766 0.718 Oey 2th 0.709 0.702 0.724 
WARM 0.743 0.768 Di 57 0.704 0.665 Umrer 
COOL 0.743 0.759 0.744 0.743 62655 0.729 
COLD 0.763 OTIS) On TV 0.693 0.704 UY py. 
Feed intake +SEM 


mean Of ota e047 ap.0'.1739ab 077 08bc? Oc 687E wed. 007 


Digestible energy (kU DE.kKU GE-') 


HOT O27 52 0.747 Nie Aste 0.706 0.696 arae 
DRY 0.767 0.707 0.716 0.02 0.689 De 716 
WARM Carat 62755 O2753 0.692 0.649 Var e g) 
COOL Os7a7 Or 53 Ogee On736 0.650 hea 
COLD Ney ae 0.728 0.704 OG. 675 0.696 OV Ad 
Feed intake +SEM 

mean Gar 46a) 107 s8ab 0.732ab 0.702bc 0.676c 0.006 


Each value is one digestibility trial with one lamb 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 
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(MJ DE.MJ IE-' and X = intake energy per unit metabolic 
weight (MJ IE.kg LW-%75.day-1) This relationship predicted a 
decrease in the digestibility of gross energy of 0.038 for 
an increase in feed intake from 40 to 80 g.kg LW-°%75.day~', 
i.e. from maintenance to twice maintenance. Similar 
declines in digestibility with increasing feed intake have 
been recorded many times (Blaxter, 1962: Schneider and 
Flatt; 19753" 

There was no statistical evidence that digestibility of 
dry matter or intake energy was influenced by HW treatments. 
The regression coefficient for HW in the multiple regression 
equation of digestibility on IE and HW was negative but 
small and not statistically significant. Over the range of 
HW per unit IE of 8 to 88 kKUJ.MU-', DE coefficient was 
predicted to fall from 0.775 to 0.763 or 1.5% which is of 
little practical importance. Other reports have failed to 
show a significant effect of snow as a source of water (Sims 
and Butcher, 1973) or rumen loading with cold water 
(Cunningham et al., 1964; Battachyra and Warner, 1968; Brod, 
1979) on digestibility. 


7.1.2.3 Standing Time 

The total time per 23 h that the lambs stood while in 
the ventilated hood was reduced significantly (p<0.05) 
compared to the time spent standing on days prior to, or 
after the respiratory gaseous exchange measurements (Figure 


7.1). The reduction was 100 min or 23% of normal standing 
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Standing Time (% of day) 
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time. There was no significant effect of feeding level or HW 
treatment. 

The freedom of movement of the lambs in the hood did 
not appear to be restricted since the lambs stood up and lay 
down freely. The background noise level in the experimental 
room was 72dB but was only 62dB in the hood. When the level 
in the room was raised 23dB, there was 15dB less noise in 
the hood than in the room. The reduced standing time may 
have been a result of less disturbance by extraneous noise 
in the hood. 

In another experiment (Nicol et al., 1979) which ran 
concurrently with this experiment, the energy expenditure of 
similar sheep when standing was 19 J.kg~'.min-' higher than 
when lying. This additional energy expenditure associated 
with standing is within the range of other estimates (Osuji, 
1974) and similar to a more recently published value of 22 
J.Kg-1.min-'! (Davey and Holmes, 1977) 

All daily heat production measurements were raised by 
0.08 MU per lamb (19.0 U x 42 kg liveweight x 100 min) to 


account for the additional standing time. 


7.1.2.4 Methane Production and Metabolisable Energy Intake 
Methane production over a 23 h period was recorded from 
only 14 of the 25 gaseous exchange measurements, but a 
further 9 observations were available from Experiment Ix 
using the same ration, feed intake levels and sheep as in 


this experiment. The combined data were used to calculate 
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the methane energy losses as a percentage of IE. The 
resultant linear regression equation was: - 
Fre erime os 5) KX cf oe ek Pe adn e wae Nike Rite eis (8) 
R2 = 0.83, RSE = +15 KU methane.MJ IE-' 
where Y = Methane energy (KU methane.MJ IE-'.day~1) and X = 
IE intake (Md). 

This equation predicted methane energy losses of 11% at 
a IE intake of approximately maintenance and a fall to 8% at 
2x maintenance. These levels are slightly higher than 
Blaxter (1962) reported for a range of pelleted feeds. 

Equation 8 was used to predict methane losses for each 
IE intake in this trial. Since the methane data were not 
complete for all of the treatment combinations and because 
no obvious trend in methane production with HW treatment 
existed, no attempt was made to adjust methane losses for HW 
treatment. 

Urine energy losses varied from 7.7% of IE on the 20 
intake to 3.7% of IE at the 110 intake level. This decrease 
in urine energy losses as a percentage of IE represented a 
reduction of 0.7 percentage units for a doubling of feed 
intake. A decline of between 0.6 and 0.8 percentage units 
in urine energy as feed intake doubles was consistent with 
previous reports (ARC, 1965). 

Metabolisable energy intake was calculated for each 
intake and HW treatment combination from the actual IE 
intake, faecal, and urine energy losses for each lamb and 


predicted methane losses. The IE concentration of the 
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pelleted barley alfalfa ration (Ration A) was 18.1+0.1 
MJ.Kg~' dry matter. Metabolisable energy (ME) intakes are 
shown in Table 7.4. 

Metabolisable energy intake increased significantly 
with increasing feed intake but was not significantly 
influenced by HW treatments. The metabolisability of IE 
(ME/IE) was not influenced significantly by either 
treatment. The mean metabolisability was 0.570 MJ ME.MJ~-'! 
IE, equivalent to a ME concentration in the dry matter of 
10.3 MJ.kg~' feed dry matter. 

The metabolisability of DE increased with feed intake 
by 2.4 percentage units as feed intake doubled. ME/DE at 
maintenance was 0.800. Although earlier work suggested that 
ME/DE declines slightly as intake increases (ARC, 1965), 
more recent analysis of many studies (Blaxter and Boyne, 
1978) showed that a decrease does not always occur and a 
small increase may occur if the relative decline in DE with 
increasing intake is greater than the decline in urine and 


methane losses. 


7.1.2.5 Daily Heat Production 
Heat production measured by system A and B was 
compared. For 22 paired measurements (one lamb on both 
systems 1 to 2 days apart) the regression of system 1 on 
system 2 was 
e800 F400098 (20s 06 iMatit . fo70. 09 )..,454nine (9) 
R2 = 0.93, RSE = +0.53 Md 
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Table 7.4 Daily metabolisable energy intake, heat 
production and energy retention for individual 
lambs (Experiment VIII) 


Feed intake treatment 


HW 20 Si 55 80 110 HW 
Treatment Mean 


Metabolisable energy intake (MuU.day-') 


HOT feha 4.35 6.94 10.66 14.04 fat 
DRY 2.98 A= 75 6.34 10.32 14.31 71.74 
WARM 2.66 4.10 8.50 14208 lenis eae 
COOL 2.38 ALT? 8.68 10.382 13.69 129% 
COLD 2.86 4.70 6.61 9.16 13.86 7.44 
Feed intake +SEM 


mean Opigaweneood SiGdd bs 10. 31csunee7sd Org 


Heat production (MuJ.day~') 


HOT a. 0U 4.27 oa Re: fp riets, i Beas 6.01 
DRY Sera 4.96 5.08 7.98 9.16 6.18 
WARM 3278 3.88 6.13 L243 8.90 6.02 
COOL 3. 9o7 4.82 6.22 eed 8.68 6.18 
COLD 4,28 sie t Wy Se 7.04 Bee peg 
Feed intake +SEM 


mean o.ora T4eG0ab S680! '27.50c $8290c 0.26 


Energy retention (MJ.day~') 


HOT -0.87 0.08 nee eo 4.91 1.74 
DRY -O098 728 02d 1326 eG Sits 53 
WARM eet fired p4 a2? hts BI 3.64 af She 1.79 
COOL “1859 DH O0g05 2246 Gat? Be Od 1.79 
COLD me beg to 080 Bas 0.80 orale gees eed 
Feed intake +SEM 


mean “Higa s0uO/aOae7Sb to28 1bore 46 82c 0.17 


a,bD,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 
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where Y = heat production (MJ) by system B and X = heat 
production measured by system A. There was little 
systematic difference between the systems and no correction 
was made for the respiratory gas analysis system used. 

Heat production measured on the first and second 
occasion were also compared by regression analysis with the 
following result. 

Neeser OG me ESO KM: lcs helen ese mere ee evan es (10) 
Reee 0.93, RSE = £0.53 Md 
where Y = heat production (MJU.day~1!) measured on day 2 and X 
= heat production measured on the first occasion. There was 
little difference between successive measurements giving 
confidence that the lambs were well adjusted to the indirect 
calorimetric techniques used. 

The mean heat production (M) for each feed intake and 
HW combination is shown in Table 7.4. There was no 
significant difference in heat production due to HW 
treatments but the feed intake effect was statistically 


significant (p<0.05). 


7.1.2.6 Fasting Heat Production 

Fasting heat production, measured at the end of the 
experiment was variable between the first and second 30 min 
measurement. The lambs appeared to be more excited than 
during the main calorimetry runs. The lower of the two 
measurements on each sheep was used as the estimate of 


fasting heat production. The mean value was 232 ku.kg 
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LW-°-?5S day~' on the basis of unfasted, woolly liveweight or 
254 kKU.kg LW-°?5.day~' fasted, fleece-free liveweight. This 
latter value is similar to other published values for the 
fasting heat production of sheep which range from 239 to 269 
kJ. Kg LW-°75.day-'! (Blaxter, 1962; Graham, 1967; Rattray et 
al., 1973) and suggested that these woolly sheep, in the 


absence of any HW were in thermoneutrality. 


7.1.2.7 Energy Retention 

Heat production was subtracted from ME intake for each 
treatment combination to give energy retention (RE, 
MJ.day-1) shown in Table 7.4. Energy retention increased 
significantly (p<0,05) as ME intake increased but was 
unaffected by HW treatment. The relationship between RE and 
ME intake per unit metabolic weight is shown in Figure 7.2. 
Conventional linear regressions of RE on ME intake above and 
below zero energy retention revealed an efficiency of 
utilisation of ME for maintenance (km) of 73.5% and 
efficiency for production (kpf) of 50.8%. For a ME/IE of 
57.0% measured in this Experiment the ARC (1965) equations 
would predict a km and kpf of 71.7 and 49.2 respectively. 
The positive energy balance equation predicted the 
requirement of ME for maintenance to be 293 kuU.kg 
LW-°75 day-1! and the equation below zero energy balance gave 
a figuresof 306 KUskg LWe4 a. day. 

The Greco-Latin square design used in this Experiment 


does not permit the statistical analysis of interactions 
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between the main treatment effects. However, energy 
retention data showed a trend towards a decline in RE with 
increasing HW at low ME intake but not at the higher levels 
of feed intake. A division has been drawn within each 
intake level between consecutive HW levels which show a >50% 
reduction in RE over the mean of lower HW levels (Table 


indak 


Table 7.5 Feed intake by heat of warming treatments 
which reduce energy retention by more than 
50% (Experiment VIII) 


Feed intake treatment 


20 ao a 80 110 


HOT - = = - . 
DRY = - - - - 
WARM 2xx . o - - 
COOL Xxx 8 - - - 
COLD ie RX Xxx xxx - 


xxx Energy retention reduced 50% below mean of lower 
cooling levels within each level of intake 


By this arbitary division, RE in the treatment combinations 
Xxx were reduced by 50%. 

Above maintenance (>40 g feed.kg LW-°75.day-') HW 
greater than 8% of DE (COLD treatment) reduced energy 
retention by 50%, but at low levels of feeding HW equivalent 
to the consumption of the ration at 22°C (WARM treatment ) 


was sufficient to reduce energy retention by 50%. 
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Although neither ME intake nor M was significantly 
affected by HW treatment, any effect of HW treatment on RE 
is likely to be by an increase in M rather than a decrease 
in ME intake. An illustration of a possible interaction 
between M and HW is shown in Figure 7.3. M and M-HW (M less 
total daily HW) have been plotted for the 20 and 110 feed 
intake levels. At the low level of feed intake M rises by 
almost 20% from the lowest to highest HW, while M at the 
highest feed intake remains relatively constant with 
increasing levels of HW. 

When HW is deducted from M, a relatively constant level 
of M is indicated at the low level of feed intake and a 
large drop is shown for the high feed intake. This model 
suggests that at low energy intake where M is not greatly 
above minimum heat loss, then M is elevated to meet HW. 
Fasting heat production measured in this Experiment would 
suggest minimum heat loss was 3.50 MJ per lamb per day. On 
the other hand at high energy intake, M is sufficiently high 
that M-HW is above minimum heat loss at all levels of HW and 
no increase in M is required to cover HW. This conclusion 
is consistent with earlier work in this study (Experiment 
II1) which showed a much reduced response to ruminal cooling 
where feed intake was increased. 

By reference to Tables 7.2 and 7.5, the same total 
quantity of HW, for example 0.73 MJ.day~', at the 80 feed 
intake had apparently little effect on M whereas at low (35) 


intake levels M may have increased with the same daily HW. 
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i 
So ann 
0 ee? ae 4M 
8 fe 
77 410g. LW-°-75, day~ 6 
Feed Intake Level eRe ENA Te LI 


4.25 


20g. LW 2-75. day! was 


40 Feed Intake Level 


Heat Production ( mJ. day~1) 


6) 40 80 120 


Heat of Warming (kJ.MJ DE~1) 


Figure 7.3 Heat production (solid line) and heat production 
less the heat of warming (broken line) of lambs 
fed two levels of feed intake and receiving five 
levels of the heat of warming (Experiment VIII) 
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The level of feed intake appears to be much more important 
to the ultimate effects of HW on M than the level of HW per 


se. 


7.1.2.8 Rumen and Ear skin Temperature 

Daily mean rumen and ear skin temperatures were the 
only body temperatures recorded which showed significant 
treatment effects (Table 7.6). The effects of both the feed 
intake level and ruminal cooling treatment on rumen and ear 
skin temperature were in accord with previous experiments. 

Although mean daily ear skin temperature declined with 
feed intake, no significant effect of ruminal cooling 
treatment was observed. However the individual standard 
errors of the ruminal cooling treatment means show that the 
daily variation in ear skin temperature was greater with 
increasing levels of ruminal cooling. This greater 
variation in ear skin temperature was a reflection of a fall 
in ear skin temperature with cooling and recovery after 
cooling. While ear skin temperature declined with 
increasing ruminal cooling at the high levels of feed 
intake, the effect was not as marked at the low feed 
intakes. Ear skin temperature in fact showed a slight rise 
with increasing ruminal cooling at the lowest feed intake 
level. 

Mean daily rumen temperature was reduced by up to 1°C 
with the higher levels of ruminal cooling but this reduction 


did not decrease the apparent digestibility of the ration. 
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Table 7.6 Mean daily ear skin and rumen temperature for 
all feed intake and heat of warming treatment 
combinations (Experiment VIII) 


Feed intake level 
HW Ss HW 
treatment 20 85 55 80 110 mean 


Ear skin temperature (°C) 


HOT 12.4 16.6 ay ane 29e3 34.2 PRLS Ya Reyes 

DRY 16.0 1320 17.8 oy ira! oom 21,520.98 

WARM 154 1326 26.9 18.2 Zot 19.6+1.09 

COOL 1633 16.8 his Fat Ah eee. Zio 1927627414 

COLD 20 Lee 9.8 2054 PLES TEU Tl 2 Ff 
Feed intake +SEM 


mean hoc aainete 1S, 120725.60. 27.25 oun 


Rumen core temperature (°C) 


HOT 38.8 BOsL 391 39.0 go4 38.9e 
DRY 39.0 3943 39.0 39.4 39.4 39.2e 
WARM S020 38.4 38.7 bts beet 38.4 Sono 
COOL 38.4 Shae Ss les 38:52 go 38.3f 
COLD 37.9 Sisk eat g6e2 Sihws 312 3g 
Feed intake +SEM 
mean Gis ieee 3565 Crowes 30.7 38.6 CE 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 

e€,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 


1 Standard errors for individual HW treatments 
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Rumen temperature did not rise with increasing feed intake. 
Although HW of each ruminal cooling treatment relative to 
energy intake was constant as energy intake level increased 
(see Table 7.2), the rate of cooling increased as feeding 
level increased. A more rapid cooling rate induced a 
greater decrease in rumen temperature (Experiment II). The 
more rapid cooling rates at the higher feed intakes may have 
negated the increase in rumen temperature which might have 


been anticipated at the higher feeding levels. 
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7.2 Experiment IX The influence of feeding level and heat 
of warming on the heat production of sheep 

Experiment IX was designed to further examine the 
possible interaction between the effect of HW and energy 
intake on heat production which appeared to exist in 
Experiment VIII. Such an interaction would have potentially 
important practical implications in determining feeding 


levels of high moisture feeds. 


7.2.1 Experimental design 
The heat production of four young sheep at five levels 
of feed intake with two levels of ruminal cooling was 


compared. 


7.2.1.1 Feed intake and Rumen Cooling Treatments 

The five feeding levels were those used in Experiment 
Viit, namely 20, 35, ,55, 80 and 110 g feed.kg LW-°%'5 day-'!., 
The automatic feeding system and timing of feeding were 
those used in Experiment VIII. The two ruminal cooling 
treatments were the extremes of the five levels used in the 
previous experiment; the HOT treatment, a ruminal infusion 
of water at 38.0°C and the COLD treatment, water infused at 
2.0°C. The quantity of water infused was determined by the 
feeding level and was such that the effective dry matter 


percentage of the feed was 10%. 


ou vec = ene 25w vesuint Mobbaid +6 ines cae 25) id Se Pe fa | p- 


peta vib shel dado 


sits 6 mntsend 10H an} ‘Insmineqne suotvan 


sf oxtibee? Fo sorelt tet! ert KI theme 
ve . a ' : ae aie 7 
oeerie 4 ol tadbotr sed ent no ‘onto 


wi-w? of Beni zw AE insmt 19943 


an 4 ann “it nsewled notice eiat a 


Penis set no sete 


. _ 
- P 


rou? ~~ YI TEV inem!a6q =i 


toni }1987q Irs 3) oct 
=i 


if 


- 2 ‘sl ( “a 
gi ees latnemireged. 1 aae 


Gta “uy awelt Yo noi pube1q-Jeet sak 


_ 
» 


(ori . —* 2 ve ow) Atta: onsite bse he 
j -henrsomeg 
) ; mee . = on 
1 a | ori | oO? ec Ate iA One +nhsint beet. r . Fal ~ 2," 
nf oseu eon sjaw eteve’ ur ‘year avit adT 


eee? o Ore tee Oy 22 2s «os viomiiny any 


art Bag moteve oath 1 at tevotus sf 


lsninws me? ome «ila bY amt seQx3 at beay 980r 


stovel evct ahi te eterna} x 3 aa anaw s3nems 66a 


: = - - 
natew 7A ‘acd alent asco aii} ‘bre 9" 0.86 te 1e t Me TG 
7 -  *) : 


aan oni} 


7 _ 


143 


7.2.1.2 Animals 

Four of the sheep used in Experiment VIII were used in 
this experiment. The mean liveweight was 47.0+1.8 kg and 
they were approximately 10 months old. Fleece depth was 
3.8+0.2 cm at the beginning of the 10 week experiment and 
increased to 7.1+1.1 cm by the end of the 10th week when the 
sheep were shorn (1.4+0.1 Kg wool). Ruminal infusion 


catheters were installed as in Experiment VIII. 


7.2.1.3 Design 

The experiment consisted of 10 seven day periods. Two 
of the sheep (14 and 38) began the experiment at the 20 feed 
intake level and increased to the next highest feed intake 
level at weekly intervals. Sheep 14 received the HOT 
ruminal infusion treatment and sheep 38 the COLD treatment 
for the first five weeks. After five weeks, by which time 
the sheep had experienced all five feed intake levels at one 
ruminal infusion temperature, the ruminal infusion 
treatments were reversed and feed intake declined weekly 
through the five levels. The remaining two sheep fol lowed 
the reverse design. These two sheep (20 and 41) began at 
the highest feed intake, proceeded weekly to the lowest, 
changed ruminal infusion treatment and increased through all 
feeding levels over the final five weeks of the experiment. 
Feed intake was based on the mean liveweight of each sheep 
pair before feeding on day 1 of each period. One sheep (41) 


died of undeterminable causes during Period 9 when on the 
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80-COLD treatment. A substitute sheep (32) was available 
and used in Period 10 but the data were incomplete for 


Period 9. 


7.2.1.4 Measurements 

Total faecal collections were made from day 2 to 7 of 
each period throughout the experiment and sub-samples dried 
daily. 

Respiratory gaseous exchange measurements were made 
over continuous periods of 7 h on all sheep on day 6 of each 
period. The gaseous exchange of two sheep (14 and 38) was 
always made from 0900 to 1600 h and the other two sheep (20 
and 41 or 32) from 1700 to 2400 h. 

On the basis of the 24 h heat production measurements 
made in Experiment VIII, these 7 h periods were equal to 
29.7 and 30.1% of total daily production for the am and pm 
measurements respectively. 

Respiratory gas analysis system A was used on sheep 14 
and 41 or 32 and system B on the other two sheep (20 and 
BBik 


7.2.1.5 Statistical analysis 

Heat production data were analysed by least squares 
analysis of variance for unequal numbers with feed intake 
level, ruminal infusion treatment and previous feeding level 


(feed intake in the previous period) as the main effects. 
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7.2.2 Results and Discussion 

Daily heat production rose significantly (p<0.05) with 
feed intake (Table 7.7). Previous feeding level also 
significantly influenced heat production. When measured 
during a rising sequence of feed intake levels, i.e. when 
previous feeding level was Jow, heat production was 5% below 
the mean M for the feeding level measured. Conversely, when 
heat production was measured on a declining feed intake 
sequence, M was 5% above the mean. Total faecal output over 
days 2 to 7 of each period showed a similar carry over 
effect of +6%. The carry over effects were consistent 
across intake levels. 

Heat production was not significantly influenced by 
rumen cooling treatment nor did the interaction of ruminal 
cooling treatment with intake level reach statistical 
significance. However, the same trend existed as in 
Experiment VIII towards higher heat production with the 
higher levels of ruminal cooling at low feed intakes but not 
at higher intakes. The apparent increase in M at the 20 
feed intake was equal to 81% of the difference in HW between 
the COLD and WARM ruminal infusion treatments. At the 80 
intake level the difference in M between the COLD and HOT 
treatments was equivalent to only 3% of the ruminal cooling. 

Taking the ME concentration of the ration to be 10.3 
MJ.Kg-'! dry matter (measured in Experiment VIII), ME intake 
and energy retention (RE) were calculated for each treatment 


combination and are shown in Table 7.7 together with energy 
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Table 7.7 Heat production, metabolisable energy intake 
and energy retention for the two ruminal 
cooling treatments (Experiments IX) and 
energy retention (Experiment VIII) 


Rumina | Feed intake treatment 
infusion __ 
treatment 20 Sh 55 80 110 


(1) Experiment IX 
Heat production (MuJ.day-') 


HOT 4.33 5.29 6.54 8.38 10.66 
COLD 4.86 5.66 6270 8.42 10.43 
Mean 4.60a 5 47ab 6.62b Sadade 10754d 
COLD-HOT Jeb? OF37 G16 0.04 = 3 
% difference 
COLD-HOT 12.2 (eal 226 es: = in O 


Metabolisable energy intake (kuU.kg LW-°75.day-1') 


HOT 205 305 488 720 912 
COLD 208 311 485 704 903 
COLD-HOT 3 6 as =H6 -9 
% difference 
COLD-HOT es 2<6 mofo) pure a ere 8) 


Energy retention (kU.kg LW-°75.day~') 


HOT -46 2 jas 299 342 
COLD =18 mo Ae. 120 252 358 
COLD-HOT =32 =e an) a, +16 


(2) Experiment VIII 
Energy retention (KJ.kg LW-°75.day~-') 


HOT =55 #5 130 185 320 
COLD =90 Sele S83 214 348 
COLD-HOT aac -4] eh +29 +28 


a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 
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retention data from Experiment VIII for comparison. The 
mean difference in ME intake between the COLD and HOT 
treatments was small (<2%) while large differences in RE 
occurred at the lower feed intakes. 

In a conventional approach to calculating the 
efficiency of utilisation of ME for maintenance and gain in 
the COLD and HOT treatments, linear regressions of RE (kuU.kg 
LW-°75 day-1) on ME intake (kKU.kg LW-°75.day-') were 
computed for below zero energy balance (FHP, the 20 and 35 
feed intake levels) and positive energy balance (55,80 and 
110 feed intake levels),(Table 7.8). 

Table 7.8 Linear regressions of energy retention on 


metabolisable energy intake above and below 
zero energy retention (Experiment IX) 


Regression 
Infusion coefficient Intercept Ke RSet 
treatment b a 


Negative energy balance 


HOT 0.780 7220 0.94 27 
-OUROS 

COLD 0.648 [220 0.87 35 
208073 

Positive Energy Balance 

HOT 02529 Abs s) 0.87 45 
+0.065 

COLD ede is mnie ic) 0.86 42 
+0.060 


1 Residual standard error (kuU.kg LW-°75.day~') 
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The efficiency of utilisation of ME for maintenance 
(km) with the WARM treatment was 13 percentage units higher 
than with the COLD treatment. The utilisation of ME above 
zero RE, (kpf) was 9 percentage units higher for the COLD 
treatment. The km and kpf equations predicted an increase 
in the ME for maintenance (zero energy retention) of 61 and 
67 KJ.Kg LW-°75.day~' respectively for the COLD treatment. 
This 24% increase in maintenance requirement was equivalent 
to an increase of 1.8 KuU.kg LW-°75.day-1.°C-1 difference in 
temperature between the ruminal infusion treatments. 

The conventional apportioning of ME above and below 
zero RE has some biological basis (Blaxter, 1962) and is 
convenient for calculating feed requirements although a 
continuously variable efficiency may be preferable from a 
statistical standpoint (Blaxter and Boyne, 1978). 

On the other hand there is no logical reason for the 
change in the relative effect of HW on km and kpf to be 
associated with zero energy balance. The changing effect of 
HW on efficiency of ME utilisation was a reflection of the 
progressive increase in HW as ME intake increases and the 
decreasing influence of HW on M as ME intake increases 


iTable 7.5). 


7.3 Summary Experiments VIII and IX 
A wide range of ruminal cooling treatments were found 
to have no major effects on faecal or urinary energy losses 


over a wide range of energy intakes. 
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There was a strong trend towards a reduction in energy 
retention with high levels of ruminal cooling at low feed 
intakes due to an apparent increase in heat production. fhe 
trend was absent at high feed intakes. These experiments 
demonstrated that a considerable (24%) increase in the ME 
requirement at maintenance may be caused by the consumption 
of a high moisture feed at 2°C in a 10°C ambient 
temperature. 

The interaction of HW with feed intake level reduced 
the efficiency of utilisation of ME for maintenance, but 
increased the apparent utilisation of ME for energy gain. 
Energetically there would appear to be an advantage in 
feeding cold high moisture feeds at levels well above 


maintenance. 
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8. EXPERIMENTS X AND XI HEAT OF WARMING AND ACUTE CHANGES 
IN AMBIENT TEMPERATURE 


Ambient temperature to this point has not been included as a 
variable in these experiments. Priority has been given to 
establishing relationships between the response of an animal 
to changes in the heat of warming independent of the effects 
of ambient temperature. 

However, there is evidence that ambient temperature 
(Ta) does influence the response of an animal to HW (Holmes, 
1970; 1971a). Under field conditions with high moisture 
feeds, there is an intimate relationship between Ta and HW. 
As Ta declines, HW would be expected to increase if feed 
intake remains constant. Therefore in Experiments X and XI 
the interaction of Ta with HW was examined by measuring the 
heat production at ambient temperatures from +10° to -20°C 
of cattle and sheep experiencing various levels of the heat 


of warming. 


8.1 Experiment X The heat production of steers at three 

ambient temperature following four levels of heat of warming 
The oxygen consumption of steers fed turnips or turnips 

plus hay incorporating four levels of heat of warming was 


measured at ambient temperatures of +10, -8 and -20°C. 
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8.1.1 Experimental Methods 

8.1.1.1 Animals 

The animals used were those described in Experiment V; 
four 2.5 year old rumen fistulated steers weighing 40614 
Kg. All four steers were used for measurements at 10°C but 


only two (Horny and Polly) at -8 and -20°C. 


8.1.1.2 Feeding and Heat of Warming Treatments 

The experimental treatments were as in Experiment V, 
Beings oengeot wakw (27 C), COLD (2°C), FROZEN (-8°C) 
turnips or 10 kg of 2°C turnips plus 1 kg hay (TURHAY). All 
rations were fed twice daily. The HW per meal was 0.54, 
1.54 1.96 and 5.27 MJ per steer during the 1 h eating period 
which was equivalent to a cooling rate during eating of 30, 
87, 105 and 295 W.m-2 for the WARM, TURHAY, COLD and FROZEN 


treatments respectively. 


8.1.1.3 Measurements 

Oxygen consumption was continuously measured for two 
hours following the morning feeding period. The 
measurements at +10°C were made in conjunction with 
Experiment V on days 10 to 13 of each 14 day period. On day 
14 of the period, the steers were moved immediately after 
the morning feeding period to a cold chamber pre-conditioned 
to -20+3°C with an air movement in the chamber at animal 
height of approximately 1 m.sec™'. 


At the end of Experiment V, the cold chamber was reset 
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to -8°C. The steers were held at +10°C and fed each of the 
four feed/HW treatments in random order on four successive 
mornings followed by the 2 h exposure at 8°C over which 
oxygen consumption was measured. 

The steers did not appear to be disturbed by the change 
of location. The same ventilated hoods were used for al] 
measurements. With the head of the steer in the ventilated 
hood, Ta in the hood was i to 2°C above the room 


temperature. 


8.1.2 Results and Discussion 

Mean heat production of the steers over the 2 h 
exposure at each ambient temperature was expressed per unit 
surface area and is shown in Table 8.1. Surface area (m-2) 
was taken as 0.09 LW-°S& (the Meeh formula, Blaxter, 1962). 

Heat production increased with declining Ta with M at 
e20 C 52.74 greater (p<0.01) than at +10°C. As in 
Experiment V, M was higher in the post-feeding periods when 
FROZEN turnips had been fed. 

Although there was no statistically significant 
difference in M between the first and second hour of 
measurement, the mean for the second hour was 8% below the 
first hour. This trend of a decrease in M during the second 
hour of exposure may have been a reflection of the 
decreasing impact of HW in the second hour after cooling and 
was greater with the higher levels of HW. There was no 


significant interaction between Ta and HW on M. _ The 
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Table 8.1 Heat production (W.m-2) of steers over 2 h 
exposure to ambient temperatures of 10 and 
-20°C (Experiment X) 


Feeding Ambient temperature (°C) Feeding 
treatment _—_—_ treatment 
+10 =8 -20 mean 

WARM 99 120 146 122e 
TURHAY 103 106 151 120e 
COLD 112 122 178 137ef 
FROZEN 1e7 149 195 157¢ 
Ta 
Mean 110a 124ab 168b 


SEM(Ta) = +9°C, SEM(Feeds) = +11 W.m-2 
a,b,c,d means in rows followed by the same letter are 
not significantly different (p<0.05) 
€,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 
difference in M between WARM and FROZEN treatments was 
relatively consistent, being 36, 58 and 49 W.m-2 at +10, -8 
and -20°C respectively. On the basis of the statistical 


differences between treatments shown in Table 8.1, it was 


assumed that M had been increased by:- 


ie Ta in all measurements at -20°C 
oy HW in all measurements with FROZEN turnips and 
ae the -8°C, COLD turnip treatment. 


A linear multiple regression of M on Ta and HW (W.m-2) 
was computed using the above data. 
ee Gs 2 ACEO ST) Att 0 165( 20055) X25 eid 
Rae = "0-83, sRSEs=0 13 Womi 


where Y = heat production (W.m-2), X1 = ambient temperature 
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(“C) and X2 = the heat of warming per meal expressed per 
body surface area (W.m-2) Both regression coefficients were 
significant (X1, p<0.01 and X2, p<0.05). The simple 
correlation of M with Ta and HW were low (R2 = 0.43 and 0.25 
respectively) and not significant. 

For a decline of 1°C in Ta, M increased by 2.45 W.m-2. 
This figure is close to the value for total body conductance 
of steers of 2.4 W.m-2 given by Blaxter and Wainman (1961). 

During the two hours of measurement, a change of 1°C in 
ambient temperature increased M to the same extent as 14 
W.m-2 of HW in the previous hour. 

The effect of HW on critical temperature (Tc) can be 
estimated using the formula from Blaxter (1962) 

tomate Me eee i.~-G)* Ct. . i an pean ee (12) 
where Tr = rectal temperature (°C), M* = thermoneutral heat 
production (108 W.m-2 in this Experiment), Emin = minimal 
evaporative heat loss (17 W.m-2, Blaxter and Wainman, 1961) 
and G = heat of warming (0.165 x HW W.m-2) Ct is the total 
body conductance of 2.45 W.m-2. 

With zero HW, critical temperature (Tc) was calculated 
Tomer eno. iowineréeéased to +1.5, +5.4, +6.7 and +20.1°C 
for the WARM, TURHAY, COLD and FROZEN treatments 
respectively. Further interpretation of these results is 


made in Section 9 of this study. 
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8.2 Experiment XI Heat production at two ambient 
temperatures of sheep at five feed intakes 

The oxygen consumption of four sheep fed at five levels 
of feed intake each at two levels of HW was measured at 


ambient temperatures of +10 and -20°C. 


8.2.1 Experimental Methods 

8.2.1.1 Animals 

The sheep used were those described in Experiment IX, 
1.e. 10 month old sheep, weighing 4741.5 Kg and carrying 3 


to 7 cm of fleece. 


8.2.1.2 Feeding and rumen cooling (HW) treatments 

The levels of feed intake and ruminal cooling (HW 
treatments) were described in detail in Experiment IX. The 
feeding levels were 20,35, 55, 80 and 110 g.kg LW-°75.day™! 
of a pelleted concentrate ration (RATION A) and ruminal 
cooling was by water infused into the rumen at 38 and 2°C 


(HOT and COLD treatments). 


8.2.1.3 Measurements 

Oxygen consumption was measured at a Ta of +10 and 
-20°C on day 6 and 7 respectively of each seven day 
experimental period described in Experiment IX. For the 
-20°C measurement, the sheep were moved in pairs to the 


pre-conditioned cold chamber for a 7 h period over which the 
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appropriate feeding and cooling routine (Experiment IX) was 
maintained. Oxygen consumption was measured over the final 
four hours of the exposure and compared to oxygen 
consumption over the same time period at +10°C. One pair of 
sheep (14 and 38), at the same feed intake but one on the 
COLD and the other on the HOT ruminal infusion treatment, 
were measured from 1200 to 1600 h over a sequence (hours) of 
fed, not fed, not fed, fed. The second pair of sheep were 
exposed from 2000 to 2400 h and oxygen consumption measured 
over a sequence of not fed, fed, not fed, not fed. The 
combination of the two sequences gave the maximum 
feeding/rumen cooling periods (within the experimental 


design) in a four hour period. 


8.2.2 Results and Discussion 

Heat production calculated from the gaseous exchange 
measurements is shown in Table 8.2. In addition to a 
significant (p<0.01) increase in heat production with feed 
intake which confirmed the results of Experiment IX, the 
analysis showed a significantly (p<0.05) higher heat 
production with the COLD ruminal infusion. The increase in 
M with the decline in Ta was twice as great in the COLD than 
HOT treatment (Table 8.3). 

The increase in M with decreased Ta in the COLD 
treatment was most marked at the higher levels of feed 
intake. At the low feed intake (20 g.kg LW-°75.day-'), the 


increase in M (12%) due to the high level of rumen cooling 


: ie Wee 


' 
| teen) sees3) eA? fger gntfoos bras uribestes lat 
. \ : i : 


an. F - cen 26 Roftiaauence magyxt.. 
vO 2) OS TENDS Oe BS wstSEars > 
s + Is “oltag oes arse 2 ] : 
? a 4 “ecg FT agf) S j 5 
: 7TH TH | { 


= & nae aoe <) COS! mot? bet wasem enew 


. ie | 4. > t ‘Oo —_ 
> ot © 3 ~, 
a a > > S Jas Of 0 ne 
" i eo ia ay \ 
xs a “ary WOT B nF 
_~ 
~ 
+ 
« euoeé? QO ona ai 


7) 
_ 
) 
was 
. 
-~ 
ad 


mwegrie zt 2 toomenuas =) 


Q i 


nol loubeea Fed er eenartoat bAeGeg? Insgi th 


2 96 eildes si! beenttaco rt fet ons} i 
* baad npr 
sect 2).0%Q). vi Insc togt en bewode: ‘eteyl BME 
» RO 

abi non? eT ,nofeutnl tsatew 4493’ ‘oct iT Fw not dbut paris 
eS , 
f t c'09 af] ni tee Ze eyiw @2aw- ‘st ar ‘anit loeb acl +t ¥ 
ar ' a @; ; 
c 56 efdsi) Anesn092 TO} 
7 di 
> 

G:09 arir ot st bees 1988 Airy. * nk oesart i 

7 : ed aa 

2{svel searipin edt- 34 peyhaps “year 


—— = e 
) emai nest 


? an ’ 


‘9.0 


157 


Table 8.2 Heat production of sheep (W.m-2) during 
exposure to +10 and -20°C when fed at 
five levels of feed intake and with two rates 
of rumen cooling (Experiment X1) 
Rumen Ambient Feed intake level 
infusion Bolte NNN (g.Kg LW-°75,.day-1) 
“@ 
20 35 ata 80 110 
+10 47 55 67 83 107 
HOT 
=24 74 88 83 88 105 
+10 5 1 59 68 86 tOd 
COLD 
-20 23 105 123 22 131 
Table 8.3 Ambient temperature and rumen infusion 
temperature interaction means for heat 
production (W.m-2) of sheep 
(Experiment X1) 
Rumina] Ambient temperature (°C) 
infusion —————— Difference 
treatment +10 -20 (-20 less +10) 
HOT 7 1ae 88ae 17 
COLD 7 4ae 110bf 36 
(COLD-HOT ) J 28 
a,b,c,d means in rows followed by the same letter are 


e,f,g,h 


not significantly different (p<0.05) 
means in columns followed by the same letter are 
not significantly different (p<0.05) 
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occurred at high (+10°C) ambient temperatures. For a 
response to ruminal cooling at the high levels of feed 
intake, a lower Ta was required but the metabolic response 
was greater (40%). For example, at the 80 g feed intake 
level and the HOT (38°C) ruminal infusion, M increased by 
only 6 W.m-2 (7%), whereas with the COLD (2°C) infusion, M 
increased by 36 W.m-2 or 42% with the decline in Ta. This 
interaction of feed intake level, Ta and the heat of warming 


will be discussed in the next section. 
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9. THE HEAT OF WARMING FOOD - A PERSPECTIVE 


9.1 Effective Rumen Cooling 

In most previous discussions on the warming of food and 
water consumed at temperatures below body temperature, the 
heat of warming has been expressed either as a continuous 
effect over a 24 h period (see Blaxter, 1962) or considered 
to exist only over the eating/drinking period (Holmes, 1970). 
The evidence from the present studies suggests that neither 
of these two time bases is the most appropriate in defining 
the actual impact of the heat of warming. 

The consumption of cold food or water in effect cools 
the rumen and the lowered rumen temperature may have an 
effect on the host animal. The rumen acts as an 
intermediate thermal pool between the cold food and the 
animal. The net rate of heat flow into the rumen from the 
body may reflect a more realistic estimate of the effective 
cooling of the animal per se, than HW expressed per 24 h or 
over the feeding period. If the net heat flow into the 
rumen was valuable in defining the actual cooling of the 
animal due to the consumption of cold feed, then it is 
important to quantify the effective rumen cooling (ERC) in 
response to to varying amounts of HW and if possible provide 
a practical means for predicting ERC under field conditions. 


ERC can be considered as a total quantity of heat or as a 
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rate in a similar way to HW. 

The consumption of cold high moisture feeds has two 
primary effects in the rumen as a consequence of the lowered 
temperature: 

1% Direct stimulation of thermal sensors in the rumen and 
subsequently the body core which presumably induce the 
physiological and metabolic responses to cold. In 
this regard, the rumen and body act in concert. The 
sensation by the animal of the rumen cooling will 
likely be dependent on rumen temperature or rate of 
change of rumen temperature and would therefore 
probably follow a time course such as that depicted in 
Figure 4.1 (Experiment I, page 39). 

2. Induction of a temperature gradient between the rumen 
and the deep body and thus a net flow of heat into the 
rumen. Heat flow from the body to the rumen not only 
depends on the temperature gradient between the body 
and the rumen (see Experiment II) but also on rumen 
volume and heat gained by the rumen from microbial 
fermentation in the rumen. In this context the body 
and the rumen contents can be considered as two 


separate heat pools. 


,np> An estimate of the heat flow from the body to the rumen 
over the eating period was made in Experiment V (Table 6.8, 


page 113). Because of the potential significance of the 
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a further analysis of the rate of heat flow from the 


body into the rumen over the feeding and post-feeding 


periods was made using data from woolly sheep ruminal ly 


cooled during feeding, and in the absence of feeding 


(Experiment I). Details of the method of estimating heat 


flow into the rumen are given in appendix VIII and the 


results are shown on Figure 9.1. Points of interest from 


this analysis are:- 


ae 


Heat flow from the body into the rumen was as great in 
the 30 min after rumen cooling stopped as in the first 
30 min of rumen cooling. 

Only 55 to 65% of the total heat flow into the rumen 
occurred during the actual rumen cooling phase. 

95% (NOT FED treatment) and 100% (FED treatment) of 
the net cooling of the rumen had been recovered by the 
rumen within 2 h post cooling. 

When feeding accompanied cooling the heat flow from 
the body to the rumen was reduced by 20 to 40% and the 
rate of recovery post-cooling was more rapid. The 
contribution of fermentation heat production was equal 
to 30 to 40 KU per MJ of digestible energy intake. 
Webster et al. (1975) estimated that over a 24 h 
period 30 to 60 kid of fermentation heat were produced 
per MJ of digestible energy intake but did not give an 
hourly or diurnal breakdown of the fermentation heat 
production. The present estimation of the 


contribution of fermentation heat depends on 
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[_] Heat from Body 


eS Heat from Rumen 
“ Fermentation 
60 
Not Fed 
40 
20 
0) 
O 30 60 90 120 180 
Time (min) 
Figure 9.1 Heat flow into the rumen of sheep eee and following 210 kJ 
of rumen cooling over 1 h (Experiment I 
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assumptions of differences in the rumen volume of FED 
and NOT FED treatments and may tend to overestimate 
fermentation heat production during feeding and 
underestimate the contribution of fermentation heat 
during the immediate post-feeding period. 

ee A heat flow into the rumen of a sheep of 80 KJ over 
one hour was equivalent to a heat flow of 140 W.m-2 of 
rumen surface area, about three times the minimum rate 


of heat loss from the external surface of the sheep. 


The heat flow profile from the body into the rumen was 
dependent on HW (temperature, dry matter and quantity of 
food) and the amount of fermentation heat (quantity of food 
consumed). The heat flow from the body to the rumen over 
the hour of eating presented in Figure 9.1 and from Table 
6.8 (Experiment V with cattle) was regressed against HW per 
unit of DE. The relationship is shown in Figure 9.2. As HW 
increased by 10 KJ per Mud DE intake the heat flow into the 
rumen as a percentage of DE intake increased by 0.56 
percentage units. 

In the Experiments used to establish the relationship 
in Figure 9.2, the rate of eating was 4 to 5 g dry matter.kg 
LW-1.h-1, The percentage of HW entering the rumen during 
the eating period depends on the rate of cooling/eating 
(Experiment II). The deviation from this model, 


representing a four-fold difference in cooling rate 
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10 oO 
8 
| 
6 
/ O Experiment V — Cattle 
4 ve w Experiment! — Sheep 
/ 
7 
re 
/ me Experiment Il — Sheep 
. eas 4 Fast Rate of Eating 
va 4 Slow Rate of Eating 
0 Y = 0.056 (+ 0.002) x — 1.39 
O R? = 0.99 


RSE = 0.26% 


Heat of Warming ( kJ.MJ digestible energy!) 


Relationship of heat flow into the rumen and rumen cooling 
per unit digestible energy intake (Experiments I, II and [II] 
solid line represents a rate of eating of 4 to 6 g dry 
matter per minute and broken line a four-fold range in the 
rate of eating) 
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(Experiment 11), is also shown in Figure 9.2. 

The heat flow into the rumen in the hour after cooling 
is approximately 50% of that during cooling (Figure 9.1) and 
the ‘rate of cooling’ limits would be reversed, with faster 
rates of rumen cooling inducing greater heat transfer into 
the rumen after cooling stopped. 

A further simplification in defining the heat flow into 
the rumen from the body can be made if the assumption is 
made that all high moisture feeds have a dry matter content 
of 10% and a DE content of the dry matter of 14.5 MJ DE.kg 
DM-' Then for every °C that the temperature of the feed was 
below 33°C, 2 kU of heat would move from the body to the 
rumen per kg of fresh feed eaten in one hour. With a feed 
temperature above 33°C, this relationship predicts a heat 
gain by the animal from the rumen as a result of microbial 
fermentation in the rumen. 

Further refinement of the prediction of heat flow into 
the rumen would be possible with Knowledge of the actual 
rates of eating, total time spent eating and rumen 
temperaure changes associated with eating under field 


conditions. 


9.2 A possible Heat of Warming model 

The most common approach to predicting the influence of 
the environment on domestic species has been to estimate 
total heat loss from the physical heat exchange of the 


animal with the environment and to compare this loss with 
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the heat produced by the animal. If heat production exceeds 
the minimum, and does not exceed the maximum possible heat 
loss to the environment, then the environment is considered 
to have no net effect on the heat balance of the animal. 
When the heat flow from the animal to the environment 
exceeds the heat generated in the animal, the animal 
increases heat production at the expense of energy 
conservation as tissue accretion in the body. 

The conventional model (Monteith and Mount, 1974) 
showing the influence of ambient temperature on body heat 
loss is depicted in Figure 9.3a for a thermoneutral heat 
production of M1. Fasting heat production (FHP) 
representing minimum heat loss (Hmin) is also shown. 
Critical body temperature (Tc) is the ambient temperature 
(or rather range of perhaps 5°C, Webster, 1974) below which 
no further reduction in heat loss can occur. The rate of 
increase in heat loss below Tc (line A in Figure 9.3a) is 
proportional to the total insulation of the body (tissue and 
external insulation). At an ambient temperature equal to 
body temperature the only source of heat loss is assumed to 
be the minimum evaporative heat loss. 

The heat of warming has been incorporated into this 
model (Figure 9.3b).. Effective rumen cooling is shown as an 
additional heat loss from the body (to the rumen, not to the 
external environment) which will raise the minimum heat loss 
of the animal at any Ta. This model in effect treats the 


rumen as a thermal sub-system within the total animal. The 
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Figure 9.3a Relationship of heat loss of homeotherms 
with changes in ambient temperature 
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actual displacement of the effective rumen cooling (ERC) 
from minimum heat loss (Hmin) will be dynamic, moving from 
being no different from Hmin when the rumen and body 
temperatures are equal (line A); following a time course 
profile determined by the rumen-body temperature gradient 
and returning to zero when rumen and body temperatures are 
again equalised. , | 

With the level of heat production M7, shown on Figure 
9.3b at an ambient temperature of Tal, the spare heat (M7 - 
Hnin is sufficient to meet the ERC and the effect of ERC 
would simply be to reduce body heat loss (H) to the 
environment and body heat content (HC). Spare heat in this 
context is the extent to which H is above Hmin, but in 
practice will include the heat available from a reduction in 
heat content (see discussion Experiment I). 

At Ta2 however, spare heat is no longer adequate to 
meet the requirements of ERC and heat production must rise 
(de novo heat, line B, Figure 9.3b) to cover ERC. 

Figure 9.4 shows the mean data and plot of the linear 
regressions calculated from the results of Experiment X 
where the heat production of steers was measured at three 
ambient temperatures. The solid line represénts Hmin in-the 
absence of any rumen.cooling and predicts that the fasting 
heat production (Hmin in thermoneutrality, 70 W.m-2) would 
occur at +10°C. In Table 9.1a the calculated values of 
Spare and de novo heat are compared with the heat of warming 


expressed in a number of ways (Experiment X). The following 
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Figure 9.4 Heat. production of steers at ambient temperatures 
of +10, -8 and -20°C (Experiment X) (solid symbols, 
heat production outwith thermoneutrality; open 
symbols within thermoneutrality 
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Table 9.1a Comparison of the heat of warming with the 
effective rumen cooling, spare and de novo 
heat of cattle (Experiment X) 


Feed Treatment 
WARM TURHAY COLD FROZEN 
Heat of Warming (W.m-2) 


mean daily ! 3 7 9g 25 
during eating 30 87 105 295 


Effective rumen cooling (W.m-2) 


by calculation 2 ae 8 11 43 
from regression 5 14 VE 48 
Heat production (W.m-2) 
Rieer1056 
spare 3 29 129 29 29 
de novo 0 4 13 28 
total heat above 
Hmin 29 So 42 57 
At-2U C 
spare 0 0 0 0 
de novo 3 8 35 ie 


' mean daily = total HW per day expressed as a constant 


rate over the 24 h period 
during eating = Heat of warming per meal as a rate 
during eating (W.m-2) 


2 by calculation =.calculated from rumen volume and 
temperatures 
from regression = predicted from the regression of 
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HW on heat production (Experiment X) 


3 spare = Heat production in thermoneutrality in excess 


of minimun heat loss 


de novo = Heat produced in response to ruminal cooling 
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Table 9.1b Comparison of the heat of warming with the 
effective rumen cooling, spare heat and de novo 
heat of sheep (Experiment X1) 


Feed intake (g.kg LW-°75.day~') 


20 1s ae 80 110 

Heat of Warming (W.m-2) 
mean daily ! 5 8 is 18 24 
during eating 23 30 52 73 98 


Effective rumen cooling (W.m-2) 


by calculation 2 (ae 2 17 25 34 


Heat production (W.m-2) 


Atria 0ee 
spare 3 13 25 40 64 
de novo 5 4 1 4 =3 
total heat above 
Hmin 8 he 26 44 6 1 
Aty-20 C 
spare 0 0 0 0 21 
de novo =? 17 40 32 27 


total heat above 
Hmin -2 17 40 rap 48 


1 mean daily = total HW per day expressed as a constant 
rate over the 24 h period 
during eating = Heat of warming per meal as a rate 
during eating(W.m-2) 


2 by calculation = from Table 7.2 and Figure 9.2 
3 spare = Heat production in thermoneutrality in excess 


of minimun heat loss 
de novo = Heat produced in response to ruminal cooling 
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points can be noted: - 

ie Effective rumen cooling calculated from rumen volume 
and rumen temperature data was similar to that 
statistically estimated from heat production data. 

2 The predicted increase in M was more closely related 
to ERC than to HW expressed per day or per meal. 

cm At 10°C, Spare heat in theory should have been 
sufficient to cover ERC in all but the FROZEN 
treatment, but at least with the COLD treatment some 
de novo heat seems to have been produced. 

4, At -20°C, no spare heat existed with any treatment and 
the actual increase in M over predicted Hmin was 
similar to ERC calculated from rumen temperatures. 

A similar exercise was carried out with sheep data from 

Experiment XI by comparing the difference in HW between the 

COLD and HOT treatments. Minimun heat production at +10°C 

was taken to be 42 W.m-2 (Experiment VIII) and at -20°C to 

be the mean heat production of the 20,35, 55 and 80 - HOT 
treatments. For this analysis, ERC was predicted from the 

HW for each feed intake and HW treatment (Table 7.2) and 

from the relationship between HW and DE intake (Figure 9.2). 

The results are shown in Table 9.1b. Again the actual 

response in heat production was more closely related to ERC 

than to other expressions of HW. 
The analyses shown in Table 9.1a,b tend to substantiate 
the concept that effective rumen cooling may be a more 


precise definiton of the actual cooling effect of HW. 
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Furthermore, the general model proposed to incorporate ERC 
appears to hold for the limited data available. If such a 
model proves tenable, many of the apparently conflicting 
responses to internal cooling obtained in these and other 


studies could be satisfactorily explained. 


8.3 Efficiency of heat substitution 

The total heat available, (spare plus de novo) to 
substitute for the cooling effect of HW is generally in 
excess of what was calculated to be moving into the rumen 
(Table 9.1a,b). 

Values for spare and de novo heat and heat flows into 
the rumen were calculated indirectly and must therefore be 
subject to some error of estimation. However, the trend 
towards more heat being available than is required is quite 
consistent. 

In the cattle experiment (Experiment X), where the data 
used involved the period immediately after cooling, the 
apparent over-supply of heat may represent the regain of 
previous heat content debt, although this is less likely to 
be a factor in the sheep data where actual feeding/cooling 
periods are included in the analysis. 

It is possible that the efficiency of substituting heat 
from other sources towards warming the rumen to compensate 
for consuming cold feeds may not be 100%. For example, how 
effectively can heat produced during the synthesis of 


subcutaneous fat be directed into the rumen? Furthermore, 
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assumption of a 100% efficiency of substitution implies 
absolute control over heat loss and heat production. 

Unless the consumption of cold feed and water was 
continuous, there will be periods of time where no body heat 
content debt exists and spare heat will be lost from the 
body only to be followed by a period of cooling where that 
heat could have been used for heating the rumen. Thus the 
profiles of availability and demand for spare heat are out 
of phase. 

During rumen cooling experiments, considerable rumen 
and deep body cooling occurred before minimal skin 
temperatures were achieved. Thus the reduction in heat loss 
was not as effective in Saving heat as would have been the 
case had skin temperatures fallen more rapidly. 

There is also some speculative evidence that de novo 
heat was not used with 100% efficiency. In Experiment VIII 
the mean daily ear temperature of sheep at the lowest level 
of feed intake but receiving the coldest rumen infusion was 
higher than the ear temperature of sheep at the same intake 
but receiving the warm rumen infusion (Table 7.6, page 140). 
Also when HW was deducted from M of sheep at the lowest feed 
intake level, the residual level of heat production still 
increased as HW increased (Figure 7.3, page 138). Steers 
fed rations varying widely in HW (Experiment V) for two 
weeks prior to measuring body temperatures, tended to have 
higher prefeeding mean body temperatures when rations with a 


high HW were being fed. Webster (1978) has speculated that 
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additional heat produced to meet the demands of thermal 
stress from low ambient temperatures may not be 100%. 

The data in Table 9.1a,b were used to calculate the 
apparent partial efficiencies of using spare and de novo 
heat for rumen warming. Effective rumen cooling was 
regressed against spare and de novo heat. The multiple 
regression was constrained through zero intercept. The 
partial efficiencies were 0.47 and 0.67 for spare (ks) and 
de novo (kn) heat respectively. Both regression 
coefficients were significant (p<0.05) and the coefficient 
of determination (R2) was 0.85. 

The same exercise was repeated using total daily heat 
production and daily HW data from treatment combinations in 
Experiment VIII in which both spare and de novo heat were 
contributing to HW. The partial efficiencies of 
substitution were 0.50 and 0.37 for spare and de novo 
respectively. The efficiency of heat substitution might be 
anticipated to be lower in the second case, since the daily 
heat of warming was used. ERC was under-estimated by daily 
HW (Table 9.1), and thus efficiency of substitution would 
appear lower. 

Thus possibly only 50% of spare heat is effectively 
channelled to warming the rumen contents, but when M is 
increased in response to rumen cooling then up to 70% of it 
is effectively used for warming the rumen. This conclusion 
must be tentative since it is likely that factors such as 


initial body heat content and daily ERC profile will 
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influence these efficiencies. The present data are not 
sufficiently diverse to permit much further analysis of 
factors affecting the efficiency of heat substitution. In 
any prediction of the possible increase in M due to the 
consumption of cold food or water correction for the 
possible inefficiencies of heat substitution would seem 


appropriate. 


9.4 Habituation to the heat of warming 

There was no evidence from the present work (Experiment 
V) that any permanent rise in metabolic rate occurred in 
response to repeated rumen cooling. Such an acclimation to 
exposure to low ambient temperatures for long periods of 
time (weeks) has been shown to occur in sheep (Webster et 
al., 1969; Sykes and Slee, 1969) and in beef cows (Young, 
1975). Resistance to cooling may represent a reduction in 
available heat content buffer. On the other hand, the 
habituation of sheep to short cold shocks (2 h duration) on 
a daily basis reported by Slee (1972) in which a 
progressively greater decline in rectal temperature occurred 
may represent an increase in available heat content buffer. 
The existence of such a habituation to the heat of warming 
could be of value in reducing the impact of the heat of 
warming on metabolic rate. This possibility was not studied 
in these experiments but remains a topic for future 


consideration. 
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9.5 Other sources of heat 

Experiments in this study were conducted with penned 
animals and therefore the level of physical activity was 
low. Under grazing conditions where physical activity 
levels are likely to be higher, there should theoretically 
be more spare heat available to substitute for the HW. 

Hong and Nadel (1979) have shown that the increased 
heat production of exercising humans effectively substituted 
for an increase in M with declining ambient temperature. On 
the other hand, when sheep were fed during cold periods of 
the day there was no net reduction in total daily heat 
production compared with feeding during the warmer part of 
the day (Christopherson, 1974). The increased activity of 
the sheep during eating may have increased heat loss so that 
the potentially beneficial effect of the increase in heat 
production due to eating was lost. In Experiment I in the 
present study the increase in M measured during feeding did 
not appear to substitute for the increase in M induced by 
rumen cooling, although this result was confounded by the 
sporadic eating during a continuous cooling period. It is 
certainly unclear whether all sources of heat can 


effectively be used to meet the requirements of HW. 


Figure 9.5 summarises the concepts of the heat of 
warming developed during this study. The heat required to 
warm the food and water consumed at temperatures below body 


temperature can be expressed per day or per meal, but the 
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Figure 9.5 Summary of the effects of the neat of warming 
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better expression of the effect of cooling is the effective 
cooling profile in the rumen. Reduction in heat loss and 
body heat content plus an increase in heat production are 
utilised with efficiencies of ks and kn respectively to 


supply the heat to warm the rumen. 


9.6 Summary 

Analyses of the results from a number of the 
experiments in this study suggested that the rate and 
quantity of heat flow into the rumen (effective rumen 
cooling) was a more useful indication of the rate of body 
cooling due to the consumption of cold feed than HW 
expressed over the eating period or per 24 hours. 

Experimental data reported in this study supported the 
inclusion of ERC as an additional source of heat loss from 
the body (but to the rumen, not to the external environment ) 
which can be incorporated into conventional models of heat 
exchange in animals. The potential contribution of HW to 
thermal balance equations could thus be made relatively 
easily. More information on ERC under field conditions is 
obviously required. 

Evidence presented suggested that body heat in excess 
of the minimal loss to the external environment can only 
substitute with an efficiency of 50% for HW whereas heat 
produced specifically in response to ruminal cooling may be 
used with an efficiency approaching 70%. If these 


calculations of efficiency of heat substitution are proved 
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correct, then a simple calculation of HW will underestimate 


the potential impact of HW on thermal balance. 


10. CONCLUSIONS 


The heat required to raise the temperature of ingested food 
and water to body temperature has generally been ignored as 
a component in the thermal balance of ruminants. However, 
practical field situations do exist where the heat of 
warming could play a significant role in the thermal economy 
and therefore productivity of domestic livestock. Such 
field situations are where large quantities of cool or cold 
high moisture feeds are consumed or where snow is a source 
of water. 
A series of short-term trials (4 h duration) showed 
that there were three basic responses of the ruminant to the 
heat of warming cold food as simulated by ruminal cooling. 
These were 
ee A reduction in heat loss (H) from the animal to the 
environment as demonstrated by a decline in skin 
temperatures (sensible heat loss) and reduced 
respiratory frequency (evaporative heat loss). 

Ha A reduction in total body heat content (HC) as 
witnessed by a drop in mean body temperature. 

<p A rise in heat production (M). The reduction in heat 
loss and heat content may be insufficient to prevent 


an increase in metabolic rate. 
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The extent to which H, HC and M changed with rumen 
cooling and the relative contribution of the three 
components to the overall response was influenced not only 
by the quantity and rate of the rumen cooling but by the 
physiological state of the animal and the ambient 
temperature. Knowledge of the interaction between the 
animal and the effects of the heat of warming would allow 
the design of systems to minimise the likely impact of the 
heat of warming on productivity. For example, thermally 
stable i.e. large, well-insulated animals on a high plane of 
feed intake may tolerate large single meals of cold feed. 
On the other hand, smaller, poorly fed, poorly insulated 
stock may require feeding in small quantities over a longer 
time. 

The majority of cooling from the consumption of cold 
feed occurred in the rumen. Heat transfer from the body to 
the mouth contributed only 5 to 10% of the total heat of 
warming of cold turnips fed to cattle. The profile of heat 
flow into the rumen from the body appearred to be a better 
definition of the effective cooling of the cold feed than 
the heat of warming expressed per day or per meal. 
Consequently, in field situations where the heat of warming 
may be of thermal importance, more information on the 
pattern of changes in rumen temperature and rumen volume is 
required. 

In an energy balance study in which daily feed intake 


was supplied in six meals over an extended period (18 h), 
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metabolisable energy intake for maintenance was increased 
24% when a simulated 10% dry matter feed was fed at 2°C in 
an ambient temperature of 10°C. Efficiency of utilisation 
of ME for maintenance was reduced with the cold feed, but 
the utilisation of metabolisable energy for positive energy 
retention was increased. Obvious care is required in 
interpreting efficiency of energy utilisation data if the 
heat of warming is of importance in thermal balance. There 
was no evidence in these experiments that the efficiency of 
digestion was significantly affected by the heat of warming 
although critical studies of digestion in the rumen and 
post-ruminal tract were not carried out. 

If the rumen is treated as a separate thermal source 
from the host animal, the heat flow from the body into the 
rumen can be treated as a source of heat loss from the 
animal and as such be incorporated into conventional models 
of heat exchange between the animal and its environment. 
Prediction of the change in critical temperature and the 
relative sensitivity of animals to changes in ambient 
temperature and the heat of warming are possible. 

From the data available from this study, it would seem 
that excess body heat (heat above minimal heat loss) cannot 
be used very efficiently for warming the rumen. Part of the 
inefficiency of heat substitution lies in the relatively 
constant supply but fluctuating demand for this heat. While 
this imperfect phasing of supply and demand can be partly 


tempered by the body heat content buffer, the buffering 
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capacity itself is limited by physiological limits of 
temperature regulation. Furthermore, in situations where HW 
is iikely to be large, (low ambient temperatures) the HC 
content buffer is low, and when HC is high, HW is less 
likely to be as large. 

On the basis of these studies it would seem prudent to 
include the heat of warming ingested feed and water in 
models predicting the effect of the environment on 
physiological and metabolic functions, feed requirements and 


animal productivity. 
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APPENDIX la 


EXPERIMENT I 


Treatment by time period interaction means for main 
treatment effects (Experiment 1) 
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means in rows followed by the same letter are 
not significantly different (p<0.05) 

means in columns followed by the same letter are 
not significantly different (p<0.05) 
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Appendix Ib 
Sample example of the statistical model used in Experiment I 


Analysis of variance for rectal temperature 


Source DF Sum of Mean square F ratio 
squares 

Sheep 2 0.4259 082130 1.41 

Method of cooling 1 O07 71 0.0711 0.47 

Level of cooling 2 Di laele 1, 3506 9.03 

Fed vs Not fed 1 0.6400 0.6400 4.25 

Method x level 2 0, 7622 0.9811 Anos 

Method x fed 1 0.0028 0.0028 0.002 
Level x fed 2 Get Ole 0.0508 Or aa7 
Error (a) 24 3. Oh2 Osa ts 

Periods 1.4581 0.4860 24565 

Method x period 3 0.0794 0.0264 4 td 

Level x period 6 Pas ig Dabo ERAS: 

Fed x period 3 0.0083 0.0028 0.124 
Error (b) 93 2.0881 0.02245 
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Treatment by period interaction means for all variabies 


Treatment Period 
Treatment 
I II | IV means SEM 
Heart rate (beats.min-') 
SLOW 78 88 Tet 73 79 
MED 78 89 893 fa) 81 
FAST 86 93 80 77 84 Saat 
DURING 72ae 97be 8iae 77ae 8 1 
POST 90bcf 84bcf 77abe 74ae 81 2.6 
Period means 8la 90b 79a 76a 4,4 
Rectal temperature (°C) 
SLOW 39.0ae 39.0ae 38.9abef38.9ae 39.0 
MED 39.0ae 38.9abe 38.7bf 38.9abe 38.9 
FAST 39.0ae 38.9be 39.0abe 39. laf 39.0 0.08 
DURING 38.9ae 38.9ae 38.9ae 39.1bf 35.9 
POST 39.1af 39.0abe 38.9be 38.9be 39.0 0.07 
Period means 39.0a 38.9a 38.9b 39.0a 0.02 
Ear skin temperature (°C) 
SLOW 30.9 30.9 26.8 24.4 293 
MED 26 sh 2620 DOabd 22026 24.0 
FAST 29.8 2hws +B ES Diol Zone Bee’ 
DURING 26.1 24.4 20ia3 aay 215 ae 
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Period mean 29.2a | tet OTe adnwh DD 23.4b 5 
Leg skin temperature (°C) 
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POST wa. 24.7 OB | A, Ss 23:6 2.3 
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means in rows followed by the same letter are 
not significantly different (p<0.05) 
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Experiment III 


Feed Intake and insulation treatment by period 
interaction means for all variables (Experiment I11) 
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a,b,c,d means in rows followed by the same letter are 
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not significantly different (p<0.05) 
e,f,g,h means in columns followed by the same letter are 
not significantly different (p<0.05) 
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Appendix V Experiment V Means over 30 min for all variables 
Each value is the mean of four steers 
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Appendix VIII 


Calculation of heat gained by the rumen during and after 
rumen cooling, FED and NOT FED treatments (Experiment I) 


1. Rumen mass was calculated from the difference in rumen 
temperature at the end of cooling by the INFUSION and 
COIL method of rumen cooling (see Experiment 1) 


2. Total heat gained by the rumen over 3 hours was 
calculated as the total cooling of the rumen less the 
residual heat debt in the rumen at the end of the 
recovery period ((rumen mass x (Truinitial - Trufinal) ) 


3. The total rumen temperature deficit was calculated over 
the cooling phase from the mean rumen temperature over 
30 min intervals and over the recovery period of 
hours by the integrated area (at 30 min intervals) of 
the exponential recovery of rumen temperature 


4. In the NOT FED treatment, the total heat gained by the 
rumen (from (2)) was allocated over 30 min periods 
according to the total rumen temperature deficit (from 


a) 


5. Using the relationship of heat flow per ‘°C temperature 
deficit (from (4)), the heat flow from the body to the 
rumen in the FED treatment group was calculated 


6. The change in heat content of the rumen at 30 min 
intervals, less the calculated heat flow from the body 
to the rumen was taken as the heat gained by the rumen 
from microbial fermentation. 
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